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CHEMISTRY AND BIOCHEMISTRY OF 4-HYDROXYNONENAL, 
MALONALDEHYDE AND RELATED ALDEHYDES 


Hermann Esters alter,* Rudolf Jorg Schaur, and Helm ward Zollnbk 
I nsvimte of Biochemistry, UpuremUji of Gw., Schubertstralie I, a- 8010 Oraz, Austria 

(Received 24 August 1990; Revised and Accepted 20 December 1990) 


Abstract—Lipid pcroxltUrian often occurs in response to oxidative stress, and a gleet diversity of aldehydes gro fontied when 
lipid hydroperoxides break down in biological systems. Some of these aldehydes are highly reactive and may be considered as 
second toxic messengers which disseminare and augment initial free radical events, The aldehydes most intensively studied so bt 
are 4-hydioxynrjncna5, 4-hydroxyhcxdda], and malonaldehydc. The purpose of this review js to provide a comprehaiisivs summary 
on the chemical properties of these aldehydes, the mechanisms of their formation and tticlr occurrence in biological systems and 
methods for their determination. W= will also review the reactions of 4-hydrojtyaHccnids and malonaldehydc with blomolaculM 
(amino acids, proteins, nucleic acid bases), their metabolism in isolated cells and excretion in whole animals, as Well as the many 
types of biological activities described so for, including cytotoxicity, genotoMcity, ebemoucric activity, and effects on r»U prolif- 
cnirion and gene expression, Structurally related compounds, such as acrolein, c[otona!dchyde, and other 2-alkenaIs am also briefly 
discussed, since they have some properties in common with 4-hydroxyaH.enals. 

Keywords—4-Hydroxynonenal, 4-Hydiuxyhexenal, MaJonaldehyde, Acrolein, Lipid peroxidation, Free radicals. Biological effects 


INTRODUCTION 

There is increasing, though not conclusive evidence that 
aldehydes generated endogenously during the process of 
lipid peroxidation are causally involved in some of the 
pathophysiological effects associated with oxidative 
stress in cells and tissues. Unlike reactive free radicals, 
aldehydes are rather long lived and can therefore dif¬ 
fuse from the side of their origin (i.e,, membranes) and 
reach and attack targets intracellularly or exiracellulariy 
which are distant from the initial free radical event (Fig. 
1). Lipid peroxidation on its own is an amplifier for the 
initial free radicals and the reactive aldehydes generated 
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In this process may well act as “second toxic messen¬ 
gers’ * of the complex chain reactions which are initiated 
if polyunsaturated fatty acids of the membrane bilayer 
are converted to lipid hydroperoxides. The early litera¬ 
ture on biological effects of aldehydes was reviewed in 
1977. 1 Later, several articles were published, which 
dealt with some selected and specific aspects of aldehy- 
dic lipid peroxidation products. The literature on the oc¬ 
currence and formation of aldehydes was recently exten¬ 
sively reviewed^" 6 as were the methods for their de¬ 
termination. 7-8 Several reviews also exist which dis¬ 
cuss the biological properties of 4-hydroxyaJkenals and 
related at,(3-uhsaniraced aldehydes. 3-9 " 14 When we 
were invited to write this review, we first hesitated to 
add another article to this already long list. What we 
and likely other colleagues missed, was a review deal¬ 
ing also with the chemical aspects of aidehydic lipid 
peroxidarion products, for example, mechanism of reac¬ 
tions with biomolecules, structures of defined reaction 
products. Or homologies to structurally related aldehydes. 
A large body of this new review therefore deals with 
the chemistry of aldehydes as related to their biochemi¬ 
cal and biological properties. 

Among the many different aldehydes which can be 
formed during lipid peroxidation, most intensively stud¬ 
ied were malonaldehyde (MPA) and 4-hydroxyal- 
kenals, in particular 4-hydrox.ynonenal (HKE) and 
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OXYGEN RADICALS-- DAMAGE 



Fig. i. Scheme for possible routes Ica4ing to free radical damage. Free radicals can directly attack critical target molecule* or attack polyunsatu¬ 
rated fatty acids (PLTFaS) in membranes and inititate lipid peroxidation. This acts as an amplifier, more radicals are formed, and Flip AS are 
degraded to a variety of products. Some of them as aldehydes are very reactive end have the potential to damage molecules within or outside the 
membrane. 


4-bydroxyhexenal. We try to present a balanced corn- 
pen- diurn on Ole chemistry, biochemistry, and biology 
of MDA and 4-hydroxy alkenals Some structurally re¬ 
lated aldehydes, such as acrolein or crocortal. will also 
briefly be discussed since they have some properties in 
common with 4-hydroxy alkenals or MDA. 

4-HVDROXYAZJKENALS 

History 

4-Jiydroxyalkenals were discovered in the early 1960s 
in studies which aimed at the characterization of carci- 
nostatic and cytotoxic substances present in autoxidized 
methyl linoleate, 15,16 The occurrence of such aldehydes 
in autoxidized polyunsaturated fatty acids and triglyc¬ 
erides was later confirmed independently by several 
groups. In 1977 the group of Nakamura 17 reported that 

4-hydroXyhexena] is present in autoxidized methyl li¬ 
no) enate, and in J9S2 IG the same group found HNE, 
4-hydroxyhexenal, 4-hydropeToxynonenal, and 4.5-di- 
hydroxyheprenal in autoxidized linseed oil. Esterbauer 
et al. reported that HNE is formed from linoleic acid 
and arachidemic acid 2 and I S-hydroperoxy arachidonic 
acid 1 * in aqueous solution supplemented with ascorbate 
(0.5 mM) and FeS0 4 (0,02 mM). Oarada et al. 20 have 
identified HNE as one of the major toxic substances in 
the low molecular weight fraction of methyl linoleatc, 
which was allowed to oxidize in the dark at 12 “C for 
72 h to a peroxide value of ]0l)0 meq(kg, Kaneko ei 
al. reported in 1987 21 that HNE is formed among many 
other aldehydes (i.e., pemanui, hexanal, 2-hexenai, 
2-heptenaI, 2-octenal, 2-noneiml, 2,4-hOrtadienal, 2.4- 
decadicnal, 9-oxononanoic acid) if an ethanolic solu¬ 
tion of 13-hydroperoxy linoleic acid is stored at room 
temperature in an oxygen atmosphere for 48 h. In this 
study HNE and the 2.4-alkadienals were identified as 
the aldehydes which arc most toxic to cultured fibro¬ 
blasts. 


The procedure for preparation of HNE from autoxi¬ 
dized lipids in high purity and in quantities required for 
biological studies proved rather difficult and tedious. 
Depending on the procedure the yield of HNE from 
autoxidized linoleic acid, for example, was only in the 
range of about 1.6 to 3.8 g HNE/100 g; gamma-lino- 
lenjc acid or arachidonic acid yielded 4.2 and 16.2 g 
HNE/1 Otl g. 4 To overcome this problem a chemical 
synthesis which allowed the preparation of 4-hydroxy- 
alkenals of any desired chain length was already devel¬ 
oped in 1967. 22 Since then two more methods were 
published. 23-25 

Most of the studies on 4-hydroxyalkenals performed 
until the late 1970s dealt with their carcinostatic activ¬ 
ity, their potential use for tumor treatment, and their 
reactivity towards biologically important thiol com¬ 
pounds (glutathione, cysteine, SH-pnoteins). The alde¬ 
hyde used most frequently was not HNE but the ho¬ 
molog with 5 carbon atoms, that is, 4-hydroxypente- 
nal, an aldehyde which does not occur in oxidized lip¬ 
ids but was prepared by chemical synthesis 22 The 
main reason why this aldehyde was selected was its 
much better solubility in water (100 mg/mL.) compared 
to HNE (6.6 mg/mL); this was of advantage, for exam¬ 
ple, in administering the compound to tumor-bearing 
animals. The large body of information on biological 
activities of 4-hydroxyalkenals, particularly 4-hydroxy- 
pentenal, which accumulated from these early studies 
were summarized in a book published in 1977 1 and 
in several reviews published in 1967,“’ 1979,'“ 1982, 2 
and 1985. 3 Most of these early studies would hive re¬ 
mained largely unheeded by the scientific community 
without two important additional discoveries. First, the 
group of Compoiti had studied lipid peroxidation in rat 
liver roicrosomas for a long time, and they had found 
that diffusible cytotoxic aldehydes are produced in this 
process. 10 ’ ll - 26 ' 27,2? The most cytotoxic aldehyde was 
finally identified as 4-hydroxy aonenaJ. 24 The discovery 
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Table 1. Time I ante for Deiecrinn ut -t-Hydrojtyalkeniils and Related Aldehydes in Biologies! Samples and Development of Chemical Synthesis 


Sehauenstem et ah. 1964 (IS) 

Esterbauer and Schaueustein. 1966 (34) 
Esterbauer and Weger. 1967 (22) 
Erikson. 1974 (23) 

Estcrbaucr ct uJ., 1975 (35) 

Nakamura et ah, 1977 (17) 

Bcnedrltl ct ah. 1960 (29) 

Paul and Fenical. HMD (36) 

Esieibauer, 1982 (2) 

Nakamura and Toyomizu, 1982 (18) 

Bertedctti et a(., 1984 (}7) 

Winkler et a)., 1984 (38) 

Segal! et at., 1965 (30) 

Poll et al,, 1985 (39) 

Tumat at ah, 1965 (40) 

Utlgat *1.. 1985 (41) 

Ramenghi et a), 1983 (42) 

Curzio ui al., 1986 (431 
Benedeifl stal.. 19BG (441 
Oaradn et al., 1986 (20) 

Van Kuijk et al., 1986 (45) 

BuFfinlon ct at.. 1986(46) 

PoJi et al., 1986 (47) 

Yushino etal.. 1986 (48) 

Cree et al., 1986 (24) 

Toiral.i cr id . 1987 (49) 

Kanaka Ct al.. 1987 (21) 

Esterbauer et al.. 1987 (50) 

Oaffinton at ah, 1988 (51) 

Sana et al., 1988 (52) 

Oc Montarty ct ah, 1988 (25) 

Siakoios et al.. 1988 (53) 
van Kuijk, 1988 (54) 

Pompclltt et al., 1938 (55) 

F2 Din et al.. 1989 (56) 

Lieoen et ah, 1989 (57) 

Sclley et al,, 1989 (58) 

Tiliian et a)., 1989 (59) 

Steinberg ctal., 1989 (32) 

van Kuijk ct al,, 1990 (31) 
Norsten-Huog and Crunhotm. 1990 (60) 
Ragucncz-Viottc ct a|., 1990 (385) 


4-hydroxyoctcnal is a cytotoxic and caruino&tatic substance ill auto*idized methyl llnnleatc. 
hater (2) it was proven that the aldehyde was in (act HNE, 

4-hydroperoxynonenaJ in autoxidjzfcd methyl linoleate. 
chemical synthesis lor HNE and hemutogyus 4-hydroxyatkcnals 
chemical synthesis for 4-hydrosyhcxcnn] 

4.5- dihydtt«ypcntcnal is present in heated aqueous deoxyribosc volutions 
4-hydroiyheaenal in autoxidized linolctnc acid 

HNE, 4'bydroxyhcacnal and similar aldehydes are funned by rat liver mierosomes in 
NADPH-dcpcndent, AD P/iron srimntaicd lipid peroxidation 
HNE is present in red algae and acute toxic to some fish 

HNE is present in autuxidizad (ascorbitciironl linoleic acid, (n-6) iinolenic acid, and 
araebidonic acid 

HNE. ■l-hydioxyticxcnal. 4-liydropcrnxyhcvmoJ, 4-hydraperoxynoncnal. and 

4.5-dihydaoxyhepccnal in autoxjdized linseed ail. 

4.5- dihydroxydcccnai in peroxidized tat liver micrasoines 

HNE in Ehrlich ascites tumor cells treated with an iron histidine complex 
4-hydrojtyhexcnal is a hepateicndc metabolite of the pyireUzidine alkaloid senecioninc 
HNE, 4-hydroxyhexenal in rat hcpaiocyiea treated with CCU or ADP/lcon 

HNE is a cytovoxic compound present in oil samples coU&cted from the outbreak of tbc to sic 
oil syndrome in Spain 1981. 

HNE is pies cm in various food stuff and oils and in rtUcresomcx treated with ADPiiron, CCl„ 
or BiCQj 

HNE and 4-hydroxyhexettal in red blood cells of thalassemia subjects 
HNE in rat pleural exudate 

HNE in mouse liver after brotnobetrzene intoxication 
HNE is a major compound in oxidized methyl linoleale 
HNE in normal ret liver 

HNE and many other aldehydes in mAjaria-infectcd red blood cells 
HNE in red blood cells of thalassemic subjects 
HNE in plasma and liver of vitamin E deficient rats 
new synthesis of HNE and other 4-hydroxyalkenals 
HNE in plasma and liver of vitamin E deficient rats 
HNE and several 2-alkcnals in aittoxidized 13-hydropcroxy linoleic acid 
HNE. 4-hydroxyhcxenal. 4-hydroxyuctenal. and some other aldehydes in oxidized human tow 
density lipoprotein 

HNE, hcsiniat and. other aldehydes id malaria-infected red blood cells 
HNE and hexanal In liver and lung of mk= with 3,„ melanoma 
Chiral synthesis of 4(S) and 4(R)-hydroxyuoneBai (HNE) 

HNE in many tissues of dogs with neuronal retina ecreidnsis 
HNE in dog retina 

HNE in liver of mice following intoxication with allyl alcohol 
HNE in the wound fluid of posttnaumatic patients 
HNE in plasma of dogs after hypovoleinic traumatic shock 
HNE in human plasma and monocytes 

HNE in Ehrlich ascites tumor cells treated with iron-Ills [idinc complexes 
HNE-madifted proteins cah be detected by antibodies in arteries of Wutnnube rabbits and in 
plasma of rabbits and humans 
4-hydraxyhexiinal in oxidized docosahcxeenoic acid 
HNE in normal rat liver and hepatocytea 
HNE in proximal tubular cells of ccliptmm treated rats 


that HNE is a cytotoxic product of microsomal lipid 
peroxidation rapidly led to a renewed interest in 4-hy- 
droxyaikenals and initiated a large number of additional 
investigations related to the generation nf HNE by per- 
oxidizing biological samples, its quantitative determina¬ 
tion, and its biological activities. 

Second, in studies, which were not at all related to 
lipid peroxidation, it was found by Segall’s group" 10 
that the niacrocydic pyrrolizidine alkaloid senecionine 
is metabolized in the rax liver by the mixed function 
oxidase system to 4-hydroxyhexenal, and that rhe he- 
patoxicity of these alkaloids is likely mediated by this 


aldehyde, it is now well established that 4 -hydroxyhex- 
enal is also generated during lipid peroxidation due to 
degradation of omega-3-polyunsaturated fatty acids. 4 ' ' 
A chronological list of studies on chemical synthe¬ 
sis of 4-hydroxyalkenals and similar aldehydes and 
their detection in various biological systems is given in 
Table 1. From the many papers published in this Held 
90% appeared after 1980, the year when it was pub¬ 
lished that HNE is a cytotoxic product generated dur¬ 
ing peroxidation of liver microsomal lipids. Of course, 
a large number of additional publications not listed in 
Table 1 also exist dealing with the various biological 
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Fig. 2. Methods for cheituciL uynihcsit of 4-hydroxyalkenals. 


properties of 4-hydraxyalkenals, such as their cyiotox- 
icity, growth inhibiting activity, genotoxicity, chemo- 
tactic activity, or potential role in atherogenesis. Recently 
it has been shown 32 - 33 that HNE-modified proteins, 
likely derived from low density lipoproteins, occur in 
the atheroma of hyperlipidemic rabbits and that au- 
toautibodies against HNE-modified proteins exist in 
plasma of rabbits and humans. These and the large 
number of ocher studies appear lo prove clearly that 
HNE and similar aldehydes are generated in vivo and 
are of pathophysiological relevance, 


Chemical synthesis of 4-hydroxyalkerutls 

HNE is most frequently synthesized as shown in 
equation Fig, 2A. The Grignard compound of propynal 
diethylacetal 1 is reacted with hexanal to 4-hydroxy-2- 
nonynal diethylacetal 2. The CC triple bond is converted 
with LiAJH 4 at low temperature ( — 20 °C) to the trans 
CC double bond and the resulting 4-hydroxy-2-npnenal 
diethylacetal is then hydrolyzed under mild acidic con¬ 
dition to the free aldehyde, that is. 4-hydiaxy-2-trans- 
nonenal 3. The overall yield of HNE based on the 
propynal diethylacetal is 53 mo19e_ The intermediates, 
that is, hydroxynonynal diethylacetal and hydroxynone- 
nal diethylacetal can be purified hy fractional vacuum 
distillation. The purification of HNE is more difficult 
since most of it would be destroyed during vacuum dis¬ 
tillation, To obtain HNE with a purity of 95% or better, 
it is therefore important to carefully distill its immedi¬ 


ate precursor 4-hydroxynonenal diethylacetal. Alterna¬ 
tively, the free aldehyde can be purified by counter cur¬ 
rent distribution with chloroform and water 3 or by 
preparative column chromatography on silicic acid with 
dichloromethane/hexanc 3:1 and by dichlorometh ane/ 
methanol 9:1. 01 The most critical step in the whole syn¬ 
thesis is the conversion of the CC triple bond to the 
crans double bond If the temperature during LiAIH 4 
treatment becomes too high, the diethylacetal group 
is also attacked and converted into the ethyl-ether 

(CH 3 ^CHj) 4 -CHOH-CH - CH-CH 3 -OC 2 H 5 ) Which is 
difficult to remove in the subsequent steps. An alterna¬ 
tive method to the LiAlH 4 reduction is the use of me¬ 
tallic sodium in liquid ammonia , 62 ' 63 Catalytic hydroge¬ 
nation with Lindlar or other catalysts gives the acetal 
with the cis double bond, which upon .saponification 
does not give an aldehyde but a 2-pentylfurane. 14,152 
When the deulerated or tritiated analogue of LiAlH 4 is 
used, deuterated 54 or tritiated HNE* 4 can be obtained. If 
propanal is used in this synthesis for the reaction with 
propynal diethylacetal. the end product is 4-hydroxy-2- 
frans-hexenal. Similarly other 4-hydroxyalkenals with 
different chain lengths were prepared using different 
n-alkanals with different chain lengths.The 4-hy- 
droxyalkenals with chain lengths up to 13 carbon atoms 
are liquids at mom temperature, those with 14 carbon 
atoms and more are white crystalline solids. 

In 1974 a completely different method for the syn¬ 
thesis of 4-hydroxyhexenal has been described 23 (Fig. 
2B). The principle of this method is the reaction of 1,3- 
bis(methyIthio)allyHithium 4 with propanal in tetra- 
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rahydrofuran cooled to —75 ”C to 1,3-bis(methylthio)- 
l-hexene-4-ol 5. This compound is then converted with 
mercuric chloride to 4-hydroxy-2 wa/ir-hexenal, The 
yield was reported to 47%. The bis(ruethylthio)allyl- 
lithium 4 is not a commercial reagent, buc most be 
prepared from 1,3-bU(methylthio)-2-rnethoxypiopane and 
n-butyl lithium. When hexanal is used instead of pro- 
panal the resulting 4-hydroxyalkenal is HNE. This pro¬ 
cedure was preferentially used by Segall's group 30 for 
the preparation of 4-hydroxyhexemil or HNE. Substi¬ 
tuting non-radio-labeled propanal for tritium-labeled 
prop axial, a 4-hydrox.yhenenaJ with (he tritium label at 
the C-5 position was also prepared. 1 ’ 7 Another method 
for the synthesis of 4-hydraxy-2-trans-a]kenals has been 
described by Giee et al, 24 (Fig, 2C), Here furan is 
firstly converted in a two-step reaction to fumanilde 
hyde munodimethylacetal 6. This compound is then re¬ 
acted with ra-butyl Grignard to 4-hydroxynonenal- 
dimethylacetal 7. Saponification with 2,5% H^SO,, gave 
4-hydroxynonenal, the overall yield was reported to 
be 71%. 

Carbon 4 in 4-hydroxynonenal has a chiral center and 
all three synthetic methods (Fig- 2A,B,C) described 
above yield a racemic mixture of 4(R)- and 4(S)-hy- 
droxyalkenals 8. Recently a method for preparing both 
optically active forms of 4-hydroxytionefial has been de¬ 
scribed 25 (Fig. 2£>). The principle is the esterification 
of the OH group of 4-hydroxynonenal dimethyl acetal 
with the optically pure chiral iron tricarbooyl complex 
of soibic acid 9. The 1:1 mixture of the two enantio 
meric esters were separated by chromatography and 
Dibal reduction gave 4(R)( —) and 4(S)(+) hydroxyno- 
enal dim ethyl acetal, which after deacetylation gave the 
corresponding 4(K)hydroxynonena] IQ (an* 5 = 

— 46+ c — 0.4S, CHClj) and 4(S)hydroxynonenal 
II («„“ = +48“, c =• 0.69, CHCL,). 

Some physicochemical properties of 4-hydroxynon¬ 
enal (abbreviations in the literature for this aldehyde 
are HNE, 4-HNE, 0 4—HN, t-4HN, 9-1-OH) and some 
of its derivatives used for analysis (Fig, 3) are as fol¬ 
lows: 4-hydroxynoncnal (ref. 22, and in part unpub¬ 
lished results from the author's laboratory): CpH^Oj; 
mol. wt. 156.22; n n 1.471; d 4 20 0.944; colorless liq¬ 
uid; soluble in most organic solvents, for example, al¬ 
cohols, hexane, chloroform, slightly soluble in water 
(6.6 g/liter = 42 mM); UV maximum: 223 nm, e 
13750 (in water); 221 nm, e 13100 (in ethanol); 215 
nm, e 14400 (in hexane); 70 eV mass spectrum: m/e 
156 (1%), 86. 85. 71. 57 (100%), 43. Infra red (p.): 
2.73, 2.85, 3.44, 3.50, 3.65 (CHO), 5.90 (CHO), 6.07 
(C = C), 6.85, 7.25, 8.93, 10.23 (trans C = C), 2,4-di- 
nitrophenylbydnaone 12. 68 C ls HyJ4JD s , mol. wt. 336.35, 
orange crystals melting point 154—155", UV maximum: 
370 nm, e 28200 (in chloroform); 456 nm, e 30800 (in 


f 

r 


ethanolic KOH) 70 eV mass spectrum: m/e 336 (90%). 
307, 301, 265. 261. 247, 237 (100%), 203. Semkarba- 
z.onc 75 (68); C, c H, 9 N 3 0 2 , mol. wt. 213.26, melting 
point 131-134 “C, UV maximum 263 nm, 4 28000 (in 
ethanol). Trimethylsilylether (TMS) derivative:'* 1 C l2 H 24 0 2 Si 
mol. wt, 228,41, 70 eV mass spectrum: mis 228 (5%), 
213, 199, 184, 157 (100%), 129 (30%). 73 (75%). 
Pentafluorobenzyloxime trimethyl silylecher (OPFB-TMS) 
derivative 77(45): C ls ,H 2fi O s NSiF 5 mol. wt. 423.50. 60 
eV mass spectrum: m/e 303 (15%), 283 (50%), 167 
(40%), 152 (100%). Dimethylhydrazone trimethylsi- 
lylether (DMH-TMS) derivative 14: 20 C 14 H 2n ON 2 Si mol. 
wt. 270.49, 25 eV mass spectrum: m/e 270 (90%). 226, 
213, 199 (100%), 181, 168. 155. 136, 123, 102, 73 
(80%), 44 (25%). Oxime-r-butyldimetbylsilyl (oxime- 
tBDMS) derivative 16 (60): C 21 H 4S Q z NSi i mol. wt. 
399.82. mass spectrum: m/e 399 (7%). 384. 342 (100%), 
328, 284, 268, 210, 149, 147 (65%), 143, 133, 75 
(80%), 73 (55%). S(r-hydioxyhexyl)-l-nrethyl-2-pyra- 
zoline (HMP) derivative /i: 60 C lc H 2D ON 2 mol. wt. 184.28, 
mass spectrum: m/e 184 (9%), 84 (52%), 83 (100%), 
56, 42 (86%), 41. 


Determination and occurrence 

The various methods for determination of HNE and 
other aldehydic lipid peroxidation products were re¬ 
cently reviewed, 7 '* and therefore we will only discuss 
them here briefly. In the work 29 leading to the discov¬ 
ery of HNE being one of the major products of mi¬ 
crosomal lipid peroxidation, the sample was derivatized 
with 2,4-dinitrophenylhydrazine (DNPH), and the cor¬ 
responding hydrusones (Fig. 3, 72) ware analyzed by 
HPLC. This method was later improved® and can he 
considered as most appropriate if the complete spec¬ 
trum of aldehydes in a peroxidized biological sample 
should be analyzed. One should keep in mind that such 
samples do contain additionally to HNE a great num¬ 
ber of other aldehydes (aikanals, 2-alkenals, 2,4-alka- 
dienals. various hydroxynldehydes). In most of the 
samples we analyzed HNE and hexanal were the main 
products. 

An alternative HPLC method described 49 for mea¬ 
surement of aldehydes in plasma or liver employs the 
reaction of aldehydes with 1,3-cydohexandione (CHD) 
to yield fluorescent dihydroacridine derivatives, which 
can be separated by HPLC. 

Free HNE, if present in sufficient amounts (more 
than 2 |iM), can easily be measured 41 by HPLC with 
UV detection at 220-223 urn where it shows a strong 
absorption maximum. For that, the proteins in the 
sample are first precipitated by acetonitrile-acetic acid, 
and the protein free supematatu is injected into an 
HPLC analyzer. The method is useful in following the 
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Rg. 3. Derivatives of 4-hydn>xyalkenals used fbr [heir analysis by HPLC or CC/MS. Compounds 15, 16, and 17 are silylated prior to GC/MS. 


consumption of exogenous HNE in kinetic experiments 
(e.g., reactions with amino acids or proteins) or in ceil 
experiments. 

Various highly sensitive and specific GC-MS meth¬ 
ods are now also available for the determination of 
HNE. In one method 31 '' 45-58 " 586 the sample is treated 
under mild conditions with pentafluorobenzyl (PFB) 
oxime and then silylated (Fig. 3, 17). The PFB -oxime 
TMS derivative is analyzed by GC-MS with negative 
ion chemical ionization. The fragments specific for 
HNE have a mess of 152. Quantification of this GC-MS 
analysis is possible by using deuterated HNE as inter¬ 
nal standard 58 - 386 . The PFB-oxime method is. of course, 
also applicable for other 4-hydroxyalkenals (e.g., 4-hy- 
droxyliexenal) 51 and other aldehydes. We now use it 
occasionally for determining the complete aldehyde 
spectrum in oxidized LDL (unpublished results). In an¬ 
other GC-MS method die sample is derivatized with 
iV-methyl-hydrazine, 09 In this reaction HNE gives a 
5( 1 ’-hydroxyhexyl)-1 -mcthyl-2-pyrazoline (Fig. 3. 13), 
whereas MDa yields 1-methylpyrazole. Both com¬ 
pounds can be separated by GC, and their structure can 
be confirmed by coupled MS. Recently another GC-MS 
method for determination of HNE and hexanal in plasma 
or liver was described 66 (Fig. 3). Here the sample 
is reacted with hydroxylamine in HC10 4 . The oximes 
are then extracted with CH 2 Cl 2 and silylated with 
MTBSTFA to the oxime-r-butyldimcthyl silyl deriva¬ 
tives. which are analyzed by GC-MS. With this method 
it was shown that normal rat liver tissue contains 0.55 
nmol HNE and 1.26 nmol hexanal per gram. The ad¬ 
dition of BHT during sample preparation had only a 
weak effect on the HNE values (decrease to 0.33 
nmol/g), hexanal decreased to 0.68 nmol/g. Another 
GC/MS method used is reaction with //-dimethyl hy¬ 
drazine tp 14 (Fig. 3) and silylation. 20 

A principal problem in determining HNE in biologi¬ 
cal samples is, of course, the possibility of HNE being 
formed during the procedures of derivatization and 
working up by the autoxidatiOTi of PUFAS or degrada¬ 
tion of oxidation products. To avoid this risk antioxi¬ 


dants (EDTA, BHT) should always be added to the 
samples. The problem of artifactual HNE is likely to 
be of minor importance if only its increase in response 
in an oxidative stress has to be measured and compared 
to an unoxidized control. Control microsomes. for ex¬ 
ample, give an HNE value of 0.03 nmol/mg protein. 
Peroxidizcd (At3P/Fe) microsomes show 3.4 nmol/mg. 
Hem one could argue about the validity of the control 
value, but not about the more than 100-fold increase in 
the peroxidized sample. The situation is similar in 
many other systems (e.g., low density lipoprotein, he- 
patocytes) where HNE levels of controls and peroxi¬ 
dized samples were compared. In Table 2 we have 
listed some of the HNE values repotted for plasmas, 
cells, and subcellular fractions. 

Mechanism of formation of HNE and other aldehydes 

Possible mechanisms of formation of aldehydes dur¬ 
ing lipid peroxidation were recently reviewed. 4-5 The 
main process leading to aldehydes is likely to be the so 
called [3-cleavage reaction of lipid hydroperoxides or, 
more precisely, the lipid alkoxy-radicals, Thus hexanal 
arises, for example, by (i-cleavage of 15-hydroperoxy- 
arachidonic acid or 13-hydroperoxy-linoleic acid. The 
mechanism of the formation of hydroxyaikcrals is cer¬ 
tainly mote complex and not experimentally resolved. 
From the data on the formation of hydroxy- or hytfro- 
peroxyalkenais in model systems (see Table 1) one can 
conclude that (a) omega-6-PUFAS such as 18:2 and 20:4 
can yield 4-hydroxy-nouenal (HNE), 4-hydroperoxyno- 
nenal and 4,5-dihydroxydecenol; <b) omega-3-PUFAS as 
22:6 can yield 4-hydroxyhexenal. 4-hyditjperoxy-hexe- 
nal and 4,5-dihydroxyheplenal; (c) omega-9-PUFAS such 
as 20:3 (present only In traces in tissue) can yield 4-hy- 
droxyundecenal, 4-hydroperoxyundeccna] and 4,5-dihy¬ 
droxy dodecenal. With the exception of the latter two all 
of these aldehydes were found in the respective oxidized 
PUFAS (Table i). Possible mechanisms for the forma¬ 
tion of HNE from the omega-6-PUFAS were recently 
proposed by Pryor and Porter. 387 Both suggested medi¬ 
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Fig. 4, Metabolic fonruuion of 4-hydroxy hexerta I in the liver from the alkaloid scnecionine. w 


1 anisms meet the requirement that HNE can only be 

J formed from omega-6-pUFAS, For one mechanism the 

| precursor is 1 l-hydroperoxy-arachidonic acid (or 9-hy- 

' droperoxy-linolcic acid), while for the other the precur- 

I sors would be the positional isomers 15-hydroper- 

j oxyarachidonic acid or 13-hydroperoxy-linoleic acid. The 

mechanism of the formation of 4-hydroxyhexenal from 
senetionine by the hepatic mixed function oxidase sys- 
| tem M is shown in Fig. 4. 

t 

I Chemical reactivity 

4-Hydroxyalkenals have three main functional groups, 
that is, the aldehyde group, the CC double bond and 
, the hydroxy group, which can participate alone or in 

| sequence in chemical reactions with other molecules. 

Which one of these groups will react depends on the 
! type of reactam and conditions of the reaction. The re¬ 


action with thiol compounds has received particular at¬ 
tention, since numerous studies have revealed that 
4-hydroxyatkcoals added to tissue, cells, or cell frac¬ 
tions cause a rapid loss of SH groups. 

Glutathione easily reacts in neutral solutions with 
4-hydroxyalkenals. 70 The initial product 18 (Fig. 5) >$ 
a saturated aldehyde with the glutathione residue bound 
by a thio-ether linkage at carbon atom 3- This product 
then undergoes an intramolecular rearrangement to the 
five-membered cyclic hemiacetal 79, which is the main 
(95%) end product In aqueous solution (Fig. 5A). A 
similar reaction takes place 71 if a neutral solution of 
cysteine is mixed with an equimolar amount of a 4-hy- 
droxyalkenal (Fig. 5B). the product is 21 in equilib¬ 
rium with 20. If cysteine is present in excess, the 
aldehyde group of the lil-conjugale 20 condenses with 
a second molecule of cysteine and the end product is a 
thiarolidine derivative 22. Other low molecular weight 
thiols, which have been shown to react with 4-hydroxy- 
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Fig. 5. Reaction of glutathione and cysteine with A-hydraxyalkcnals or 2-alkcnals. 
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aikenais in the same 1:1 stoichiometry as GSH (Fig. 
5A) are thioglycolate, thioglycolic add ethyl ester, 12 
coenzyme A, and A-acetyl-cysteine. The reaction of 
2-alkenals such as acrolein or crotonal with cysteine 
proceeds according to the process shown in Fig. 5C. 
Here the thiazolidine derivative 24 is the only reaction 
product, because the 1:1 adduct 23 condenses very fast 
with a second cysteine molecule. 

Kinetic investigations 70-73 suggest that such reac¬ 
tions of thiols with 4-hydroxyalkenaJs and other 2-al- 
kenals are straightforward without noteworthy side reac¬ 
tions, but nevertheless the detailed mechanism is rather 
complex and involves the following principal steps: 

(l) The dissociation of the thiol RSH into the sulfhy- 
dryl anion RS~: 

RSH s» H'’" + RS ~. 

It is always the RS “ -form which makes the nucleo¬ 
philic attack at the aldehyde. The fraction a of the thiol 
which is present in the reactive RS “-form increases 
with pH and. is given by the equation 


RS' 


— ^SH 


RSH + RS K sh + H 


where K SH is dissociation constant of the particular 
thiol. K sh is in the range of 10~ 7 to 10~ 10 M depend¬ 
ing on the thiol. 

(2) The delocalization of electrons in the aldehyde tn 
ihe mesomeric equilibrium: 

RCH-CH = CH-CHO ;± R-CH-C H-CH = CH-CT 

( I 

OH OH 

Theoretical conformation studies show that the lowest 
electron density is at carbon 3. 74 

(3) The nucleophilic addition of the RS - to the elec¬ 
trophilic center at carbon 3 of the aldehyde yields a 
negatively charged intermediate A - : 

+ k a 

RS +■ R-CH-CH-CH-CH-O" =4 

I *b 

OH 

R-CH CH-CH = CH -0 “ 

I I 

OH SR 

It has been shown, that the addition of RS ~ is the 
rate-limiting step if the reaction is carried out below 
pH 4.5. 

(4) The negatively charged intermediate reacts subse¬ 


quently with a proton donor HX (e.g., HjO' 1 ', HjO, 
HjP0 4 ~): 


'-hx 


k x — 


R-CH -CH-CH = CH-O ’ +HXrt 

I I 

OH SR 

R-CH -CH-CH — CH-OH + X“ 

I I 

OH SR 

At physiological pH and above this is the rate-limiting 
reaction. It is this step which makes the whole reaction 
complex and, if the medium is not clearly defined, in 
fact unpredictable. 

HX can be any substance able to transfer a proton 
to the negatively charged intermediate. In plain water 
it would be H a O + and HjO-AC pH 7 and above the 
H 3 0 + concentration is so low, that its contribution to 
the proron transfer can be neglected. The rate of reac¬ 
tion 4 is then given by 


V HjO — ^H-O EA HH 2 0], 

where K Hl o is the rate constant for the reaction of wa¬ 
ter with the negatively charged intermediate. In buff¬ 
ered solution the corresponding buffer acids HX, for 
example, H,P0 4 “, HPO, , CH 3 -COOH also partici¬ 
pate in the proton transfer. The contribution depends on 
the concentration HX and the associated rate constant 
knx- f° r example, v h 3 po, “ ^HjPo, IA J[H 2 P0 3 ]. 

It has been shown, 7 ,72 for example, that the reac¬ 
tion of a.p-imsaturated aldehydes with thiols at pH 7.0 
and above can proceed up to hundred times faster in 
phosphate-buffered solution than in buffer-free solution 
at the same pH controlled in a pH-stat. This may also 
have a significant implication for reactions of a,(3-un- 
saturated aldehydes with SH-groups in proteins, where 
nearby located histidine residues or a protonafed amino- 
group could perform this proton transfer, which would 
result in a high reactivity of this particular SH group. 
(5) The enol formed in reaction 4 is rearranged in the 
keto-enol-iautomerism into the aldehyde: 

R-CH -CH-CH = CH-OH ?=e R-CH-CH-CH,~CHO. 


OH SR 


I I 

OH SR 


In reactions with 2-alkenals wiihout the hydroxy- 
group (e.g., acrolein, crotonaldehyde) this is the last 
step leading to the final adduct. In case of 4-hydroxy- 
alkenals eyelizauon occurs. 

(6) The cyclic 5-membered hemiacetal forms in the 
oxo-cyclo lautomerism: 
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R-CH-CH CH. CHO si 
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OH SR 



(7) Since all individual steps are reversible the overall 
reaction is also reversible. The equation for Che overall 
reaction is: 

kpVj 

2-alkenal + thioi r* adduct. 

k 2 . v 2 


Some rate constants kj and k 2 are given in Table 3. 

(8) The race Vj of the forward reaction is given by: 

v, = k[ [aldehyde][ihioIJ, 

whereby k, is the apparent experimentally observed 
second-order rate constant in M -1 sec -1 . This rate 
constant changes with pH and the concentration of the 
proton donors HX according to 

f91 k * k . „ S k _HK t HX J . see eqn. (J) 

1 n kjT^kjrj ’ k a ,k h : see eqn. (3). 


(10) The rate v 2 of the reverse reaction, that is, the 
dissociation of the adduct is given by: 

V 2 = kj [adduct], 



whereby k 2 is the apparent experimentally measured 
rate constant in sec -1 . This rate constant also changes 
with pH (X- = OH - ) and is given by equation (11). 



The equation (9) indicates that the apparent rate con¬ 
stant k] should increase with increasing pH and 
approach a maximum value at a pH, where the thiol is 
fully dissociated (m — ]), This is shown for reactions 
with glutathione or cysteine in Fig, 6. The absolute rate 
constants k,, k b , kHX were determined for some model 
reactions. 72 The overall rate constants kj, k 2 and the 
equilibrium constant K were determined for various 
compounds with the C — C—C =* O structure (2-alkenals, 
4-hydroxy-Z-alkenals. et-fJ-unsurumted ketones) and var¬ 
ious thiols. 70 ~ 73 A selection of such constants is given 
in Table 3. 

Without going too much Into detail such rate con¬ 
stants are Very useful in predicting roughly the fate of 
HNE or other aldehydes produced intraccllularly. For 


Fig. 6 . FIT;-' of pH on the rale of the reaction of a.p-UQt.tturaied 
aldehydes with thiols. HFE = 4 -hydrcyypentenai. 

example, it follows from the rate constant k ; for HNE 
(H 1.09 M -1 sec -1 ), that in the presence of 5 mM 
glutathione, as it occurs in liver cells, this aldehyde has 
a half life of only 2 min. Through the action of GSH- 
transferases, which significantly catalyze this spontane¬ 
ous conjugation, the half life can of course be further 
reduced. The HNE concentrations repotted for rat liver 
are in the range of 0.4 ro 2.8 nmolfg wer weight (Ta¬ 
ble 2). Assuming equilibrium conditions for S mM 
glutathione and 1 p.M HNE the adduct concentration 
in liver should be about 20 mM. This is of course un¬ 
realistically high and suggests that the HNE concentra¬ 
tion in liver is either much lower than 1 jtM, or that 
rhe conjugate is rapidly exported. 

Clear spectroscopic prpgfs that the reaction products 
of thiols with 4-hydroxyalkenals have the structures 19, 

21, 22 (Fig. 5) were so far only obtained for the prod¬ 
ucts formed in reactions of 4-hydroxy perirenal with 
glutathione 75 or cysteine. 71 The homologous products 
formed with 4-hydroxy uonenal were not analyzed, but 
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one may assume with great certainty that they ha v e 
identical structures. Structures of the products 24 formed 
in the reaction of acrolein and crotonaldehyde with cys¬ 
teine were also analyzed. 71 It is generally assumed, that 
the reaction of the SH-group of the tripeptide GSH (Fig. 
5A) can be seen as a model for the reaction of 4-hy- 
droxyalkenals with SH-groups in proteins. Isolated pro¬ 
teins, which were studied in this respect (again with 
4-hydroxypentenal), are glyceialdehyde phosphate dehy¬ 
drogenase, aldolase, bovine serum aibumin. reduced bo¬ 
vine serum albumin (SS-bonds convened to SH), reduced 
p-lactoglobulin and ovalbumin (for review see 1). From 
the finding, that the loss of SH-groups corresponded 
very closely with die number of aldehyde groups newly 
formed in the protein, as determined with 2,4-dinitro- 
phenylhydrazinc, it was concluded that 4-hydroxyalke- 
nals arc highly specific reagents which preferentially, if 
not exclusively, react with SH-groups. In the light of 
some newer findings 76-82 this assumption, however, 
should be revised. There is a general problem in the de¬ 
termination of bound aldehydes which arises from the 
variation of the amount of aldehyde detected with the 
assay method employed. This dependence is due to 
variation in the nature and stability of the binding of the 
aldehyde, which, in turn, affect the result of the assay. 
Aldehydes may in part be very weakly bound, for ex¬ 
ample to amino-groups, as carbinolamines (RCH(OH)- 
NH-protein) and may be fully removed by short washing 
or dialysis. Aldehydes bound in the form of a SchifTs 
base to a protein may be split off by weak acids or 
heating. The thio-ether linkage, which binds 4-hydroxy- 
alkenals or other o.p-unsaturated aldehydes to protein 
SH groups, as shown for GSH in Fig. 5A, has high sta¬ 
bility. This binding is stable under acidic condition and 
allows die condensation Df the free aldehyde group with 
2.4-dinitro-phenylhydrazine, 4,7 ' S3 But even aldehydes bound 
by the duo-ether linkage can be removed from the pro¬ 
tein by excess of another low molecular weight thiol. 
Enzymes with functional SH-groups inactivated by 4-hy- 
droxyalkenals can be reactivated, for example, by ex¬ 
cess GSH or cysteine. 113 

That 4-hydroxyalkenals may react with various amino 
acid residues of a protein was recently demonstrated 77 
for the apo-lipoprotein B of the human low-density li¬ 
poprotein LPL. In this protein (mo), weight 500.000), 
HNE (5 mM) modified 45 lysine, 7 histidine, 23 
serine, and 51 tyrosine residues, besides the two SH- 
groups present jn this molecule. The chemical structure 
of the modification is not clear, but it was again found 
that the binding to lysine is reversible. In view of the 
ongoing work on polyclonal or monoclonal antibodies 
directed against aldehyde modified proteins 33- * 14 '’ 86 it 
would be important: to know more about this subject in 
order to characterize the epitopes recognized by the 
antibodies. It should he mentioned in this context that 


QH 

KC' 1 '" CH=CMCnCn, 


CKjHC-CM CHS 

in 

CH^COCH 


Qr 


On 

26 


Fig. 7. 4-hydra*ypentenal reflets with glyonc to the jiyridinium de¬ 
rivative 25. Other products arc also formed, they are nai yet iden¬ 
tified/ 0 


some of the aldehyde (for example HNE) modified 
proreins act as antigen only if they are additionally 
treated with cyanoborohydride. 33 ' 86 This reagent is spe¬ 
cific for Scbiffs bases and reduces the C = N-bond to 
the stable secondary amine bond, for example, RCH 2 - 
NH-proiein. 

That 4-hydroxyalkenals can react with nearly all 
amino adds under certain conditions (e.g., slightly al¬ 
kaline pH of 8.S and high concentrations of the reac¬ 
tants, in the range of 10 mM) was shown in our 
laboratory by Napetschnig 78 with 4-hydroxypenteoal as 
model aldehyde. The highest reaction rate (reaction 
completed in 1 b) as measured by the consumption of 
4-hydroxypcntenal was with bydroxyproline, somewhat 
less reactive were Pro, GJy, Hifl, Lys. and Scr. The 
lowest reactivity (reaction completed in about 10 h) 
was seen with Ala, Phe, lie, Arg, Asp, Leu, Asn, V a [, 
Gin, and Glu. The products formed in the reaction with 
4-hydroxypencenal with the simplest amino acid, gly¬ 
cine, were further investigated, 76 and one compound 
(about 2t> mol9c') could be isolated by preparative HPLC 
in pure form and identified as a pyridir.ium derivative, 
that is. l-(l-carboxymethy])-3-(2.hydroxypropyl).pyii- 
dinium betaine 25 (Fig. 7). Several other products were 
also formed but their instability impeded their isolation. 
The formation of a pyridinium derivative affords rwo 
molecules of the aldehyde reacting stepwise with 1 
glycine. A saturated aldehyde (In case of 4-hydroxy- 
penrenal it is acetaldehyde) is eliminated by cleavage 
of the bond between carbon 3 nnd 4. A possible mech¬ 
anism of this reaction, which has similarities with the 
Hantzsch dihydropyridine synthesis, is shown in Fig, 
7. The formation of pyridine- and dihydropyridine de¬ 
rivatives was also observed in reactions of primary 
amino groups (e.g, , methylamine, glycine, hexylamine, 
ethanolamine, polylysine) with malonaldehydc or mix¬ 
tures of maJonaldehyde with monofunctional aldehydes 
(for review see 87,88 and Figs. 24,25). 

That amino groups can react with 4-hydroxyalkenals 
is also evident from Studies related to modifications of 
deoxy-guanosine. High concentrations of 4-hydroxy hex- 
enal or HNE (I M) react at 37 “C and pH 7.4 slowly 
with the deoxyguanosinc to give two pairs of diastereo- 
meric adducts 26. 81 The mechanism proposed (Fig. 8) 
involves a nucleophilic Michael addition of the NH^- 
group of guanosine to the CC double bond of the alde- 
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Fig. 8. Reaction of 4-hydroiyalkensls with dcony-guanosine 
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hyde followed by a rapid cycliration at the 1-N site of 
deoxyguanpsine. In Uie presence of peroxides a differ¬ 
ent reaction takes place and the stable end product found 
with HNE is l,N J -ethenodeoxyguanosine 27; the mech¬ 
anism propose 61,82 is also shown in Fig. 8. Similar re¬ 
actions were reported for the epoxides of croton- 
aldehyde or acrolein. SB ' 9 ° The mechanism illustrated in 
Fig. 8 assumes that HNE is converted by the peroxide 
to the corresponding epoxy nonanal, which then re- acts 
Co the NH 2 -groUp of guanosiue to an intermediate 
caibinolamine. Cyclization occurs then by reaction of 
the epoxide ring at the 1-N-site of guunositie. Finally an 
ut-hydroxyalkanal { = 2-hydroxyhepfanal) and water are 
split off, and an imidazole ring attached to the pyrimi¬ 
dine base ring is formed. Four additional N 2 -substituted 
deoxyguanosine derivatives, which were also formed in 
die reaction of HNE and peroxides, and which clearly 
differed from those formed in the absence of peroxides, 
could be converted quantitatively to the etheno-deoxy- 
guanosine adduct 27 by increasing the pH of the reac¬ 
tion mixture to 10.5. It was proposed that similar reac¬ 
tions may produce DNA damage in cells which form 
HNE and peroxides under conditions of oxidative stress/ 2 
The facile conversion of some of the HNE-guanosine 
adduces to a single adduct 27 could provide a useful 
marker for assessing potential DNA damage by 4-hy- 
dioxyalkenals produced during lipid peroxidation. 

Recently, 2,3-epoxy-4-hydroxynonnnal was pre¬ 
pared; 133 This aldehyde exists as a pair of djastercomers 
and is was shown that it gives in vitro adducts with 
adenosine, guanosinc in a stereoselective manner. In¬ 
cubation of DNA with the epoxyaldehyde at 37 °C and 
pH 7.0 yielded modified DNA with about 10 pmol 
ethenodcoxyguanosine 27 per mg DNA. Contrary to 
native DNA, single-stranded DNA gave mainly adenine 
nucleoside adducts. RNA was also extensively modi¬ 
fied by the epoxyaldehyde yielding both modified ade¬ 
nine and guanine bases. 

Other reactions with NH 2 -groups arc listed in Fig. 
3. They were introduced for characterization and deter¬ 
mination of 4-hydroxyalkenals by HPLC or GC/MS. 
Hydrazines (2,4-dinitrophen.ylhydrazine, senucarbaz.ide. 


methylhydrazine) and hydroxylamine condense with the 
aldehyde group to form the SchifPs base type C — N 
linkage. Some of these reactions also occur at neutral 
and more or less physiological conditions, which sug¬ 
gest that similar processes could take place with cer¬ 
tain activated amino groups of biomolecules. 

General biological effects 

Most studies on the biological effects of hydfoxyal- 
kenals were done with the intention to elucidate whether 
they can mediate effects occurring in cells or organs in 
response to oxidative stress and lipid peroxidation. A 
compilation of these studies, which were performed 
with a wide variety of cell types and subcellular frac¬ 
tions, is given in Table 4. In all investigations the al¬ 
dehydes were added to the respective test system and 
the effects produced in response to the exogenous al¬ 
dehyde were then determined after a certain time. The 
great diversity of effects so far reported can roughly be 
divided into three categories depending on concentra¬ 
tion of the aldehyde; 

a. 100 p-M and above cause acute and more or less 
unspecific cytotpxjc effects leading in most cases 
to rapid cell death; many basic catabolic (i.e., mi¬ 
tochondrial respiration) and anabolic (DNA, RNA, 
and protein synthesis) cell functions are partly or 
fully inhibited by such high concentrations, Al¬ 
though it seems rather unlikely that HNE or other 
aldehydes can reach overall concentrations in die 
range of 100 p,M in cells or organs, it is conceiv¬ 
able that such levels may be built up locally near 
or within peroxidizing membranes for a short time 
because of their high lipophilicily. 37 It has been 
calculated, for example, that the concentration of 
HNE in the lipid bilayer of isolated petoxidizing 
microsomes is about 4.S mM, 144 and it has been 
proposed that HNE might attack critical target pro¬ 
teins within the lipid bilayer. A convincing dem¬ 
onstration for such mechanism has. however, remained 
elusive so far. On die other hand, if HNE diffuses 
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out from the membrane, its concentration will be 
reduced by the surrounding aqueous phase and the 
cytosolic HNE-metabolizing enzymes to such an 
extent that it will no longer be acutely cytotoxic. 

b. HNE concentrations in the range of 1 to 20 p.M can 
inhibit DNa and protein synthesis, stimulate phos¬ 
pholipase A 2 and inhibit c-myc expression. A grow¬ 
ing number of studies [see Table 2), indicating that 
HNE may in fact occur at such concentrations, sug¬ 
gest that some of these effects can in fact be pro¬ 
duced in tissue in response to oxidative stress. 

c. HNE concentrations below 0.1 p-M are likely to 
occur as basal physiological level in many tissues 
as well as in serum, and effects observed in this 
concentration range may therefore be of physiologi¬ 
cal significance. Effects produced by 0.1 jrM HNE 
or less include stimulation of oriented migration of 
rat neutrophils, thar is, chemotaxis, 124-127 modula¬ 
tion of adenylate cyclase activity, weak stimulation 
of guanylate-cyclase. 139 and stimulation of phos¬ 
pholipase C. 14t> Phospholipase C is important for 
signal transduction in cell membranes mediated by 
G-proteins. Its stimulation leads to an increased hy¬ 
drolysis of phosphatidyM.S-bisphospbate (PlP 2 ) with 
the concomitant formation of diacyl-glycerol (DG) 
and inositol-nisphosphate (IP3). DG acts synergisti- 
cally with IP 3 in the calcium-dependent activation 
of protein kinase C. fP 3 opens calcium channels, 
whereas DG strongly increases the calcium affinity 
of protein kinase C. The protein kinase C plays a 
prominent role in the control of cell division and 
proliferation, and in many other cell functions. The 
stimulation of phospholipase C may also be respon¬ 
sible for the chemotactic effects of 4-hydrpxyalke- 
nals since it is known that the chemotactic signal of 
f-met peptides results in an activation of phospholi¬ 
pase C. 145 Consistent with this assumption is that 
4-hydToxyalkenala mediated chemotaxis. and activa¬ 
tion of phospholipase C occurred at the same con¬ 
centration range, and that in both cases the most 
effective aldehyde was 4-hydroxyoc renal for which 
the effective doses were extremely low at about 

10“ 10 to 10" 12 M. For HNE che effective doses are 
10 -e to 10 -9 M. 

The current knowledge of the occurrence of HNE 
and other 4-hydroxyalkeuals in certain tissue (Table 2) 
and of the effects of exogenous HNE (Table 4) sug¬ 
gests rather strongly that these aldehydes play a patho¬ 
physiological and possibly also a physiological role, 
but one should keep in mind that so far all the evi¬ 
dence for that is indirect, A starting point for direct 
evidence are the current studies with polyclonal and 
monoclonal antibodies, which specifically recognize HNE- 
modified proteins. 32 ' 33 - MB6 Immunocytochemical stain¬ 


ing with such antibodies convincingly shows that HNE- 
modified proteins are in fact formed m vivo in animals 
and man. The application of antibodies for lipid perox¬ 
idation studies could be critical in demonstrating the 
importance of aldehydes as second toxic messengers 
for oxidative stress and lipid peroxidation. 

Cytotoxicity 

High concentrations of 4-hydroxyalkcnals in the mil- 
limolur range are acutely toxic for mammalian cells and 
lead to cell death within 1 h or less (see Table 5). Pre¬ 
ceding or accompanying cell death are a multitude of 
effects such as rapid depletion of glutathione, 
14.91.95.103.107 Jeqjease m piutem thiols, * a '^ 4,133 onset of 
lipid peroxidation, 103-104 ' 132 ' 133 disturbance of calcium 
homeostasis, 107 inhibition of DNA, RNA, and protein 
synthesis, 14 ’ 93M ' M,IOM2fM43 inhibition of respiration and 
glycolysis, 14,94 lactate release, 107 and morphological 
changes. 1,91 Each one of these effects resembles by its 
own a severe, but noc necessarily an irreversible dam¬ 
age. The time sequence of the onset and development 
of these effects have hdi been studied in detail, and clues 
regarding their relative importance for ultimate cell death 
are not available. As shown with EATC 9 ' acute toxic 
concentrations of HNE (> 1 mM) produce a severe per¬ 
turbation of the cell surface structure, the microvilli dis¬ 
appear and numerous small blebs appear on che now 
more or less smooth surface. Ar this stage the damage 
appears to be still reversible to some extent, but if the 
small blebs grow to larger ones, which may even reach 
the size of the parent cell, the damage is irreversible, 
and inevitably leads to cell lysis. A similar type of sur¬ 
face blobbing has also been observed in isolated hepaco- 
cyte.S treated with redox cycling quinones (e.g., menadi¬ 
one) and other toxins (for review sex: 146), and it has 
been assumed that bleb formation is induced by redistri¬ 
bution of intracellular calcium, which in turn results in 
an alteration of the cytoskeletal structure. Since HNE 
also causes disturbances of calcium homeostasis, as shown 
with isolated hepatocylts 107 or microsomes, 133 and in¬ 
hibits the assembly of microtubuli. 142 it might be that 
an impairment of the calcium dependent regulation of 
the cytoskeletal structure plays a pivotal role in cell 
death induced by this or similar aldehydes. A disar¬ 
rangement of the cytoskeletal proteins could also explain 
the reports that cultured hepatocytes show, after expo¬ 
sure to HNE (100 pM) an altered morphology with a 
spherical shape and an intense granular structure, l0 *' 11D 
Richter et a]. 3 ** have recently shown that HNE (10 to 
50 pM) inhibits in a concentration-dependent manner 
prooxidant-induced Ca 2+ release from mitochondria. This 
Ca 2 * release requires oxidation of NADH to NAD" 1 ”, 
hydrolysis of NAD 4 " to nicotinamide and mona(ADP-ri- 
bose) and a transient binding of mono(ADP-ribose) to 
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Table 2. Physiological and Pathological Levels of HNE. 


Physiological 

Value 


Pathological 

Value 


rat liver (48). ftrtiol'g 

cat liver (4), UHtal/g 

rat liver (60), nmol/fi 

rat plasma (48). nmol/mL 

rat hepatocytes (39), omul 10" cells 

rat hepatocyteE (60), nmol/10 s cells 

rat liver mwrosymes (41), amol/mg protein 

rat retina (34), nmoL/g 
dog plasma (57), mr.nl/nL 

dog, various organs (53) 

human plasma (4). nmol/mL 

human plasma (58), nmol/mL 

human Low density lipoprotein (50), nmol/mg 

human monocytes (58). nmoj/10 a cells 

human posnraumntlc fluid (56), nmol/mL 


2,82 4: 0.53 

0.48 * 0,17 

3.4, vitamin E deficient 

0.55 * 0.10 

nal increased after eth;w>[ a^rnteismuion 

0.86 it Q 20 

2,0, vitamin E deficiency 

1.30 0.50 

2.7M.O, after CC1 4 or ADP/Fo treatment 

present* 

0.03 ± O.DI 

0.2/4.5, after C Cl A or ADP/Fc tn-auneitt 

0 M x. 0.64 

7.7, vitamin E deficiency 

< 1,0 

45, after reperfusion following 
hypervolemic traumatic shook 

present’ 

0.28 ± 0.34 

0.68 = 0.41 

up to LOO fold rxiiJrt in neuronal 
retinal ceroidosis 

0.14 ± 0.17 

3.9 3 0.80 

1.45 

5.0 to 6 5, in oxidized LDL 


•not quantified 


mtramitochondrial prpteins. It was shown that HNE in¬ 
hibits the key reaction, that is, pyridine nucleotide hy¬ 
drolysis. The consequence would be an overload of 
mitochondria with Ca 2 * and an inhibition of Ca 2+ -de¬ 
pendent mitochondrial enzymes. The cytotoxicity of HNE 
could therefore in part be due to a disturbance of mito¬ 
chondrial functions. The time dependence of the onset 
of cell death after exposure to a single dose of HNE has 
been determined for EATC.* 1, * 2 A typical example is 
shown in Fig. 9. 

At (he lower concentration range of 10 to 200 |xhl 
the cytotoxic effects of HNE .become more selective 


and significant differences exist between different cell 
types. For some cells, for example, human umbilical 
vein endothelial cells. 100 fibroblasts, 21,SS_9S Chinese ham¬ 
ster ovary cells, 9 * doses around 100 p-M HNE were le¬ 
thal and killed all cells in less than 90 min, whereas 
other cells, for example, EATC (see Pig. 9) or isolated 
hepatocytes, 13,101 were much more resistant and not 
lethally damaged by the same dose of HNE. This 
higher resistance may in part be due to a higher capac¬ 
ity to metabolize and detoxify the aldehyde. On the 
other hand, methodological differences of cytotoxicity 
as determined by different laboratories might also be 



incubation time, min 

Fig. 9- Time dependence uf the effects of HNE on viability and growth capability or Ehrlich ascites turner cells. A single dose of 160 or 500 
|sM HNE was added to a suspension of EaTC ami che viability was determined by trypan blue nt thd indicated time points. The HNE>-treated 
cells were also rcimplunted into niice nod the number of tumor cells Was dstsnnfned 7 to to days later (curves constructed from values reported 
in reft. 91. 92). 
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Table 3. Kate and Equilibrium Constants Tor Some Selected Reactions of ut.P-Un.samratcd Aldehydes with Glutathione ['GSH). 

Cysteine (Cys-> and Glycine (Gly|. 





K - k/fc. 


M " 1 see “ 1 

Sec" 

M ' 

Cys + 4-hydroxypc/uenal 

25-0 

1.00* I0" 5 

4,0 X 10’* 

GSH + 4-hydrDxypcntcna] 

2,71 

5.60* 10" 

2,9 X 10 ,7 

Gly *■ 4-hydroxypenrermi 

0.01 

n.d, 

n.d. 

Cy* + acrolein 

lit) 

5.0 x lO -6 

2.3 x 10 ■* 

GSH + acrgJcin 

121 

1.76x10 " 

1.4xl0’ 9 

Cys + crotOrtoJdehydc 

8.90 

1.7 Xl0~ 4 

1.4XI0" 3 

GSH + crotonaldttiiyds 

0.78 

3.0 Xl0~ a 

4.2XI0 -5 

GSH + 4-hydwyhaxenal 

1.36 

4.I0X 10"’ 

2.6X lt>‘ T 

GSH -1- 4-hydroxynorcnal 

1.09 

9,60 x IQ ' 7 

8,8 X 10 -7 

GSH +■ 2-pcrvicn3i 

0,47 

3.4 x I0~ s 

7.4* 10 ~ 5 

GSH + 2-hexenal 

0.33 

4.7 x 10 -5 

1.4* I0' 4 


k t Is the rare constant for the forward reaction, k, for the teverec reaction (see equation 7, page 89), The reactions with GSH and Cys went 
performed in 0.066 M phosphate buffer pH 1.4, the reaction with Gly at pH 8.8 without buffer, n.d. = not determined. 


an important factor why some cell lines are apparently 
more sensitive than others. In most experiments where 
HNE showed high toxicity the cell density was low and 
vice versa. The cell density, of course, determines the 
HNE-metaboiizing capacity of the test system. A sum¬ 
mary of toxicity data is given in Table 5. In most of 
the reports the LD*, were not given explicitly, but we 
have deduced the LD i0 from dose-effect curves and 
other data ro facilitate the comparison. Kntteko et al., 31 
for example, reported on the cytotoxicity of various al- 
dehydic lipid peroxidation products on human skin fi¬ 
broblasts (Fig. 10). Supplementation of 3-day cultures 



concentration (/uM) 

Rfi- IQ, Toxicity of various aldehydes oh growth arrested human fi¬ 
broblasts. 1: psmural, hcxsttal, 1-Uexenui. 2-hepieaai. 9- oxoncmattoic 

acid, 1 : 2woctcaaJ t 3; 2-nonen.il, 4: 2 ,4-jjonadicnaJ T 5: 
naJ, 6: 4-hydroxrynoneiiaJ. 


in growth-arrested conditions with 10, 25, and 50 jaM 
HNE induced a severe cell damage, and 24 h later 80, 
99, and 99.8% of the cells were dead. The LD i0 of 
HNE in this test system was 5 |tM. Similar results 
were found with umbilical vein endothelial cells. Pro¬ 
liferating fibroblasts were somewhat less sensitive (LD 5n 
= 18 p.M) than growth-arrested fibroblasts. In similar 
long-term experiments With hotTna] human Skin fibro¬ 
blasts, Pool et al, 9S ' 96 ' 9g found that one addition of 40 
pM HNE was not toxic (cells survived for 1 week), 
but the same dose was lethal for glutathione synthetase 
deficient skin fibroblasts. 5 " 5 This suggests that glutathione 
depletion together with the capacity of cells to replace 
glutathione by de novo synthesis are important deter¬ 
minants in the longterm toxicity of low concentrations 
of HNE. In agreement with that hypothesis, HNE (40 
pJVf) caused only a transient loss (about 70%) of the 
intracellular glutathione in normal fibroblasts, which 
was then restored within a few hours, and 24 h after 
the addition of HNE the glutathione content was even 
twice as high as in the untreated controls. 35,98 

The importance of cellular metabolism is also evi¬ 
dent from studies with H 2 0 2 -reflisient Chinese hamster 
fibroblasts. 3159 These cells adapted and/or selected for a 
highly peroxidative environment are significantly more 
resistant as measured by the clonogenic cell survival 
towards HNE and 2-nonenal than normal fibroblasts. 
H 2 O r resistant cells had a 2-3 fold enhanced capacity 
lo remove the aldehyde, probably through the glu¬ 
tathione transferase system. 

The dose dependence of the lethal effects of HNE 
Were also determined on. Chinese hamster ovary cells 
(LD*, = 100 p.M, 1.5 h) and human umbilical vein 
endothelial cells (LD S0 = 25 pJVl, 3 h). Kantiko et al. 
studied structure-activity relationships and determined 
for a number of lipid peroxidation products the cyto¬ 
toxicity towards cultured human fibroblasts 21 and hu- 
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Table 4. Ill Vjtro Effects of 4-Hydro xvdlkena Is. 

Duse Range' 1 Aldehydes 1 * 



Text System 

Effects Observed 11 


Tested 

Rufcrenccs 

■ 

Ehrlich ascites 

formation of blebs, lysis and cell death, 1 h 

I0DD-2000 

5.9 

1,91,92 


tumor cells. 

LD sn . 2 h 

500 

9 

91,92 


peritoneal 

growth 1 nhibIrion after i.p, reimplantation into mice 

1S0-2S0 

9 >5 

91.92 



inhibition of PNA synthesis, thymidine incorporation 

50-100 

9>6 

14,93.94 



inhibition of prtnem synthesis, leucine incorporation 

140 

5 

94 



inhibition of anaerobic glycolysis 

150-250 

8>5 

U,94 



inhibition of RNA synthesis 

320 

5 

14.94 

1 


depletion of glutarione 

300 

5.9 

14,91 

■ 


inhibition of respiration with glucose as substrate 

300-500 

»>5 

14,94 



50% loss of cellular protein SH groups 

1000 

5 

14,94 



inhibition of glyceraldehyde-P-dehydrogenase 

150-250 

5 

1 

f 

Ehrlich asciics 

lysis and cell death, LD S0 , 2 h 

100 

»>9>S 

93 


rumor cells, in 

LD*,. 45 h 

14-24 

8>9>5 

93 

t 

culture 

growth inhibition ih culture after 4.5 h 

7-20 

9>B>6 

93 



Inhibition of DMA synthesis 

20 

9 

93 


fibroblasts 

cell death, quiescent fibroblast more sensitive than proliferating 

5—30 

9 

21.95,96,98 

i 


colony-formiog efficiency 

2 

9.B.5 

97 



disturbance of ceil cycle, arrest in G, and O z 

2-20 

9 

96 

1 


inhibition of DNA synthesis 

8 

9 

98 



inhibition of protein synthesis 

18 

9 

98 

l 


decrease of glutathione Followed by a two-fold increase after 24 h 

20^0 

9 

95 

- j 


inhibition of O^-methylguanjne DNA methyl transferase 

100 

5>9>S 

97 

i 

Chinese hamster 

lysis and cell death, LD^, 1.5 h 

100-170 

8>9.6 

99 

\ 

ovary cells 

decrease in colony-forming efficiency 

20-80 

9.8,6.5 

99 



genotoxic effects (see Table 8) 

10-60 

9,S.6.5 

99 


endothelial cells 

lysis and cell death, I.P W , 3 h 

25 

9 

100 



inhibition of cell gzowth 

J- 10 

9 

IOO 


rat hepatocyic* 

lysis and celt death, I h 

500-1000 

9 

101.102 



90% depletion or glutathione in 3 min, 2 x 10 6 cclls/mL 

1000 

9 

103 



strong enhancement wf chemiluminescence and pentane fpnriacion. 




“1 


TBARs 

2000 

9 

103.104 

J 


inhibition of protein synthesis 

250 

9 

105 



inhibition of microsomal gluco$e-6-pho$phatase 

250 

9 

105 



destruction Of cytochrome P 450 

250 

9 

105 



inhibition of thymidine transport 

780 

9 

106 



disturbance of calcium homeostasis, depletion of glutathione, ATP and 




\ 


NADH, LDH release 

480 

6 

107 



various genntoxic effeeb (see Table H) 

0.1-600 

9.6 

108,109,110 

' .1 


inhibition of triglyceride Secretion 

100 

9 

11 1 

1 


protein kinase C Inhibition 

100 

9 

112 



Induction of heat, shock protein HSP 31 • 

100 200 

9 

113 



rapidly metabolized to glutathione conjugate, carboxylic acid and 1,4- 




1 


d iliy drox y no ne ne 

100-1 oou 

9 

13,114.101 


Chinese hamster 

decrease nt‘ colony-forming efficiency 

30-45 

9 

US 

1 

V79 cells 

increase of mutation (see Table 8) 

8us 

9 

115 

,1 

Yoshida ascites 

inhibition of DNa synthesis, thymidine hi corporation 

40 

9 

106 


hepatoma cells 

inhibition or DNA polymerase a and |J 

210-460 

9 

!06 

' 


inhibirinn of thymidine transport 

170 

9 

106 

1 


inhibition of S-adenosyl methionine decarboxylase 

100 

5 

111 

1 

rar hepatoma 

metabolized in 5 min by 3.9 x 10 s ceUs/mL 

loo 

9 

116 

< 

MH,C, ccIIr 

induction of u 31 kDa heat shock protein 

100-200 

9 

113 

M ■ 

human platelets 

potentiation of A DP, thrombinc, and ianwphure induced aggregation 

10-100 

9 

1L7 



.stimulation of phospholipase An 

10-100 

9 

117 

t 

o 


inhibition of ADP and arachidentic acid induced aggregation 

300-600 

9 

118 

7 


80% metabolized in 30 min 

20-100 

9 

ua 

1 
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Dose Range" 1 

Aldehydes 1 ’ 1 



Text System 

Effects Observed 11 

HM 

Tested 

References 


HeLa cells 

induction of a DNa binding protein, similar to heat shock factor HSF 

150 

9 

119 

1 

eiythiocytcs 

lysis 

450 


29 


decreased resistance to osmotic stress 

500-1000 

9,6 

120 

j 

crythfo-leuccmk cells 

induction in c-myc transcription 

n. 1-10 

9 

121 


pulmonary 

decrease of membrane fluidity 

50-100 

9 

122,123 

t 

roserophagiM 

decrease in 0 2 -production 




T- 

rat neutrophils 

cheinuiaclic. stimulation nf oriented migration 

le$S thjil 1 

8>9 

124,125.126 



inhibition of migration 

100 



1 

human neuirophilE 

stimulation of random migration, chcmoldnctic 

1 

9 

127 

1 


inhibition of migration 

100 

9 



malaria parasite 

inhibition of DNA synthesis, that is, bypcuanthiiw 
incorporation, toxic 

50 

9 

128 

* . - 
ft 

Ptrysariuiu 

polycephalum 

delay in onset of mitosis 

1000-4000 

5 

129 

\ 1 
, '.V 

Salmonella 

cell death, chat is, decrease of survivals 

1000-2000 

9>8>5 

130 

5 

typhimurium 

mutagenic (see Table g) 


5 

l,3o 

!i 

nu liver 

inhibition of gIucose-6-phosphatase 

100-200 

9,5 

29.131 

. / 

microsomes 

destruction of cytochrome P 4M> 

stimulation of lipid peroxidation by seduction of glutathione dependent 


9 

29 

J 

b 


protection 

formation of fluorescent (430 nm) chroinolipids in presence of NAI>PH 

lOO-ltiOO 

9 

132.133 



or ADP-irt?o 

770-1500 

9 

134 



disappearance of HNE (50 1 mg protein/jnL) id 1 h 

30 

9 

131 

' 


inhlbiriun of calciom sequestering activity 

42 

9 

135 


mouse liver 

conversion of cytochrome P 4)g to 

1000-2000 

9 

67 


rilicfO^OHICS 

covalent binding tp protein 

100-2000 

f> 

67 


rat liver 

inhibition of rcsplffltioji 

200 

9 

in 

i 

mitochondria 

inhibition of succinate dehydrogenase 

500 

5 

136 

■1 


inhibition of ATPase arid phosphate transport 

above 1000 

5 

137 

4' 


formation or fluorescent (430 nm) chromolipids in presence of ADP-tron 

770-1500 

9 

131 


nil liver 

stimulation nf 1 adenylate cyciast followed by Inhibition 

1-50 

9 

139 

i 

plasma membrane 

weak; -stimulation of guunylaic cyclase 

0,05 

9 

139 


inhibition of calcium ATPasfc 

1000-2000 

9 

139 

i 


inhibition of i'-ouelrajudnsc 

1300-5000 

9 

139 



Stimulation of phospholipase C (PlP 2 hydrolysis) 

less than 1 

S>6>9 

140,141 


nit lung 
membrane 

in activation of beta-adrtuio Trceptor 

5WV2500 

9 

63 

! 

i 

bovine bruin 

microtijbqli 

inhibition of polymerization 

100-1000 

9 

142 

\ 

rabbit 

inhibition of protein synthesis 

480 

4 

143 

s 

> 


reticulocyte 

lysate 


1- five time irwiicutes when the effect was mensural. For example, in ease of peritoneal Ehrlich ascites tumor tells incubation with 500 pM 
HNE leads to SO*, cell death (LX),,,] within 2 hs; LD sd determined by tryjian blue exclusion. 

2 Given is the appro* imatc range of concentrations tested, if only one value is given it is the approximate hulf maximal dose, 

3. The figures give the chain length of the 4-hydroxyalJtcnals used in the assay; 9 5* 5 means that 4-hydrosynoncna! was more effective than 
4-hydroxypcntenal. 


man umbilical vein endothelial cells, * a typical example 
is given in Fig. 10. Saturated aldehydes (pentanal, 
hexanal. oxo-nonanoic acid) were not toxic up to 50 
p.M, the highest dose tested. 2-alkenals (heptenal. arte¬ 
rial, nouenal) were toxic at 50 to 100 p.M. 2,4-alkadie- 
nals (nona-dienal, deca-dienal), HNE and 13- 


hydroperoxylinoleic acid were highly toxic with LD-, 0 

in the range of 1(7 to 25 m-M, ha a homologous series 
of aldehydes (e.g., 2~alk.en.il5. 2,4-alkadienals), the 
cytotoxicity increased with increasing chain length of 
ihealdehydes, which indicates that additional to the 
general structure the (ipophilicity is critical for the cy- 
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Fig, 11, Dose dependence of the effect of KNE on viability and pro¬ 
liferation of Chinese hamster ovary cells (solid line), and umbilical 
vein endothelial cells (dotted line), • viability, ■ proliferation. 


toioxic properties of an aldehyde. Lipophilic aldehydes 
will be mainly localized in the cellular membrane sys¬ 
tem; this could promote inactivation of membrane- 
bound enzymes, and furthermore localization in the 
membranes would be likely to protect the aldehydes 
from rapid detoxification by cytosolic enzymes. 


Effects on cell proliferation 

HNE and other 4-bydroxyalkenais possess the ca¬ 
pacity to block cel] proliferation at concentrations where 
lethal effects are low or absent. Fig. 9 shows that 
EATC exposed to 160 pM HNE for 2 h were fully vi¬ 
able (no trypan blue cells present), but proliferation of 
the cells after reimplantation into mice was reduced by 
about 85%, A significant inhibition of cell proliferation 
by HNE was also reported for Chinese hamsier ovary 
cells," umbilical vein endothelial cells la ° (Fig. 11), 
Chinese hamster V79 cells. 115 human bronchial fibro¬ 
blasts, 97 and human skin fibroblasts. 96 In this context 
it should be mentioned that the carcinostatic activity of 
4-hydroxyalkenals is well established, and various trans¬ 
planted animal tumors could be cured by these alde¬ 
hydes without Toxic side effects (for review see 1), 
Reasons which were offered to explain the growth in¬ 
hibition include the HNE-medialed inhibition of the 
DNA polymerase system 106 and a disturbance of the 
cell cycle. 9 * DNA polymerase a is an SH enzyme, 
which can be blocked by guifhydryl reactive agents in¬ 
cluding ci,P-unsaturatcd aldehydes, such as HNE or 
acrolein. Isolated DNA polymerase a is, however, 
rather resistant to HNE (ID M = 210 pM).^ and it is 
therefore unlikely, that inhibition Ol cell proliferation 
and overall synthesis of DNA, 14,93,98 which occurs at 
much lower concentration, results from inhibition of 
the DNA polymerase system. 

In human fibroblasts 9 * HNE concentrations of 2 to 
20 m-M caused a dose-dependent arrest of cells in the 


Table 5. Cytotoxicity at HNb Towards Different Cell Types. 


Cell Type 

LDstn, Time 

isolated rai hepatocyics 
(101, 102) 

lOOO p.M. )h 

culturateU rat hepaJocyles 
(LOS, 110) 

HX) |1M, 20 h 

intmpcriioneaJ Ehrlich ascites 
minor cells (91 T 92) 

SOO nM, 2 h 

cultu rated Ehrlich ascites tumor 
cells (93) 

100 |lM, 6 h 

Chinese hamster ovary 
cells (99) 

100 gM, 1.5 h 

umbilical vein endothelial 

sells (|M>) 

25 ftM, 3 b 

human Akin fibroblasts 
(95 , 98) 

> 40 li.M. 1 weeJs 

glutaihionc synthetase deficient 
skin fibroblasts (95) 

20 ilM, 1 week 

fibroblasts in logarirhmic 
growth (21) 

IS i_M. 20 h 

fibroblasts growth 
arrested (21) 

5 |sM. 20 h 


C 2 -phase of the first cell Cycle, and in the C,-phase of 
the second cel) cycle. Additional effects were a delay 
in onset of proliferation due to a retardation of the 
transit of the cells from G 0 to G|, and a prolongation 
of the G,-phase. This severe disturbance of the cell 
cycle explains that HNE-rreated cells show a dimin¬ 
ished DNA synthesis 14,93,94,ln6,, ' ! * and a diminished 

rat**- of pj'olJferation. The underlying niolccqlar mecha¬ 
nisms leading to this severe disturbance of the cell cy- 

clc, however, remain to be established. In view of 

some newer findings 113114,131 it seems reasonable to 
assume that HNE affects cell proliferation by interfer¬ 
ing with the expression of certain genes. In erythroleu- 
ketnic cells 0.1 to 10 pM HNE caused a dose-dependent 
reduction of the c-myc oncogen transcription. 121 The 
c-myc protein seems to be involved in the regulation 
of cellulaT multiplication. HNE has also the capacity to 
induce heat shock proteins 113 and a DNA-binding pro¬ 
tein similar to the heat shock factOT HSF. 119 which 
further suggests that some biological effects of HNE 
may be mediated by altered gene expression. 

Similarly to the cytotoxic activity, the antiprolifera¬ 
tive activity depends on the structure of the aldehyde 
and its Hpophilicity. Kancko et ai. lu0 showed that the 
inhibition of cell proliferation is absent or low in alka- 
nals. More effective are 2-alkenals, and the most pow¬ 
erful inhibitors are 2,4-alkadienals and HNE. With 
Chinese hamster ovary cells the inhibition of plating 
efficiency was determined for a series of 4-hydroxyaIk- 
enals with chair) lengths from 5 to 1 I carbon atoms." 
The efficiency increased proportionally to the chain 
length from ID S0 = 80 pJVl (for 4-hydroxyhexenal) to 
an ID W of about 5 g-M for 4-hydroxy undecenal. 
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Fig. 12. The main ineiabolios of HNE formed in rhe liver ate the 
glutathione conjugate 28. the 4-h>dro<ty-2-rionenoic acid 29 and the 
1,4-dibydmxynenEa JO. 


Metabolism of HNE 

The metabolism of HNE, 4-hydroxy he xenal, and 
4-hydroxypentenal was studied in vitro with hepato- 
cytes, IJ ' 114 hepatoma cells," G isolated rat heart, and 
in vivo in rak, 97,147 These studies were supplemented 
by in vitro experiments with subcellular fractions of rat 
liver cytosol, microsomes. and mitochondria as well as 
purified enzymes (aldehyde dehydrogenases, alcohol 
dehydrogenase, and glutathione transferases). The cur¬ 
rent knowledge (for review See 13) indicates thar the 
main enzymes involved in the metabolism arc glu¬ 
tathione transferases, aldehyde dehydrogenases, and al¬ 
cohol dehydrogenases. The main primary metabolites 
of HNE are therefore (Fig. 12) the glutathione conju¬ 
gate 28, the corresponding carboxylic acid, 4-hydroxy- 
2-nonenoic acid 29, and the corresponding alcohol 
l,4-dih,ydroxy-nonen 30. HNE metabolizing aldehyde 
dehydrogenase isoenzymes are present in the hepatic 
cytosol, mitochondria, and probably also in mi- 
crosomes.“ l "- 1 ■ ,, The HNE-metabolizing NADH-depen- 
dent alcohol dehydrogenase is localized mainly in the 
hepatic cytosol. lQi The glutathione transferases are ubiq¬ 
uitous enzymes, with again the liver being particularly 
rich. Among the different isoenzymes, rat liver gluta¬ 
thione transferase 8-8 has by far the highest specificity 
for HNE (66, for review also see 13), Among human 
GSH transferases the isoenzyme jj. shows the highest 
activity with HNE. Mouse liver OSH transferase only 
shows weak activity with HNE. As discussed previ¬ 
ously HNE readily reacts with GSH also in a nonenzy- 
matic reaction. The GSH transferase-catalyzed reaction 
can. however, proceed about 300 to 600 times faster. 
Danielson et ah'* have proposed that some of the GSH 
transferases may have evolved specifically for detoxifi¬ 


cation of HNE and similar aldehydes resulting from 
lipid peroxidation. The HNE-GSH adducts exhibit a 
feedback inhibition on the GSH transferases. Isoen¬ 
zyme 4-4, for example, is inhibited by 5 jrM HNE- 
GSH adduct to 50% with l-chloro-2,4-dinitiobenzene 
as substrate. HNE is now used very frequently as sub¬ 
strate to characterize the various types of GSH-trans- 
ferases (see, e.g., ref. 390), In rats, liver has by far 
the highest capacity to metabolize HNE. 101 Rat hepa- 
rocytes (10 G cdls/mL) were able to metabolize about 
90% of 100 jj.M HNE within 3 min. 101 The approxi¬ 
mate product distribution seen after 3 min was 25% 
HNE-GSH adduct 28, 25% 4-hydroxynonenoic acid 
29, and 10% 1,4-dihydroxynonen 30 . 14 After longer 
incubation, dihydroxynonen nearly completely disap- 
peared, whereas the levels of the other two metabolites 
remained more or less constant. 154 A number of other 
metabolites were also formed in minor quantiles, but 
their structure has so far not been identified. In the 
whole animal the HNE-GSH conjugate is exported 
from the liver and further metabolized to a mercapturic 
acid. This has been experimentally proved with tritium- 
labeled 4-hydroxyhexenal. 147 After injection of this al¬ 
dehyde into the portal vein of rats, within 8 h about 
50% of the radioactivity was excreted in the urine as 
the C-3 mercapturic acid conjugate of 4-hydroxyhexe- 
nal. A substantial amount of radioactivity was also 
bound to proteins, but not DNA or RNA. Feeding a 
fraction of oxidized linoteate rich in 14-C labeled HNE 
to rats also resulted in an excretion of radioactivity in 
urine."■ a Additionally a substantial fraction of the radio¬ 
activity was expired as radioactive CO2, indicating that 
the aldehyde was metabolized by mitochondria, most 
likely through fJ-oxidation of the 4-hydroxynonenojc 
acid. 

Effects on isolated organs and whole animals 

In tile perfused rat heart administration of 50 p.M of 
HNE for a period of 2 min caused an instantaneous 
increase in the coronary flow which returned to its orig¬ 
inal level when the HNE was washed out. ,;i, This coro¬ 
nary vasodilation was not accompanied by an increase 
in total heart cyclic GMP or AMP and therefore a cy¬ 
clic nucleotide independent mechanism must have been 
involved. In addition, it was found in experiments with 
the perfu-sed rat heart that HNE is rapidly conjugated 
with glutathione by a cardiac glutathione transferase 
and the resulting glufcxthiunc S-conjugaic is exported 
by u carrier-mediated process into the perfusate. 73 
Prolonged perfusion (> 15 min) led to a depletion of 
intracellular glutathione and a progressive decrease in 
the peak systolic pressure of the left ventricle. 73 Treat¬ 
ment of the isolated left atria from rat heart with HNE 
(10—100 |rM, 25 min) led to a reduction in the 
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Table b. 

Same Selected Studies on the Occurrence of MDA (TBABSl in Biological Samples. 


Auihur 

Method df 

Gene muon 

Method of 

Measurement 

Ref. 

SchcR 19f>& 

Irradiation of glyiisro! solutions 

Msthylindolc 

203 

Sehd/z And Sfelik, 1968 

Irradiation of gJUco£6 solutions 

Methylindole 

172 

Scherz. 1970 

Photolysis of elutions of carbohydrate* 

Methylindole 

173 

Scherz, 1972 

Irradiation of foodstuffs 

Methylindole 

171 

McMillan cf al. . 1978 

Tlirumboxanc synthesis in platelets 

TBA cell free supernatant 

176 

Saiohi 1978 

Cerebrovascular disorders, s ft rum 

TBA, TCA precipitate 

ID* 

Cugsndge, 1979 

DNa damage by bleomycin 

TBa 

286 

Holman and Bloch, 1979 

UY irradiation of forma|dphyde solutions 

TBA 

263 

Bnigi cl al.. 1979 

Kaolin-induced granulomatous inflammation, nit, 

TBA 

264 

Saroelah, 1979 

plasma, liver 

Diabetes human plasma 

TBa 

220 

Santos ctal., 1980 

Smalcc human plasma 

TBA 

Till 

Bond el al.. 1980 

Cervical mucus stimulated by tu intrauterine device, 

polsiDgrsphically 

266 

Ldti. 1980 

but see 128 

Storage of plasma 

TBA, total plasma 

219 

Burger ct al., 1980 

Degradation uf DNA by Fe(Il) Bleomycin 

TBa 

267 

Gutteridge and Thomas, 1980 

Autoxydntjon of candrcidui 

TBA 

268 

Salerno el al,, 198! 

Ergonovinc induced coronary spasm, platelets 

TBa 

269 

Vasaka cl al.. 1981 

Ingestion of paraquat, human serum 

TBA 

214 

Guttaridge, 1981 

Fnrc radical damage of amino Acids 

TBA 

270 

Locper ei al.. 1983 

Atherosclerosis, human scrum 

TBA 

265 

Aznor cc al., 1983 

Myocardial infarction human semm 

tba. total serum 

215 

Raoctah. 1983 

Ischemia and rcpeiiusian 


27] 

Jliramaisu ei aJ., 1984 

Thermal injury, human scrum 

TBA 

272 

Hirayama ct al.. 1984 

Vegetable uii 

HPLC of a dartsvlKydrazln derivative 

180.181 

Draper etal,, 1984 

Vitamin E deficiency, nil urine 

HPLC 

I7S 

Allcman ei al.. 1985 

H&XQ£hlof 0 benZ£h-induced porphyria, nit liver 

TBA 

214 

Maiorino ct ah, 19H5 

Endotoxin shock, rat live/ 


275 

Schulte-Frohlnide and van 

Radiolysis of thymidine 


276 

$pnntog v 198,5 

Junert) and Burghardi, 

Xanthinc-pxidasc imn promoted per oxidation of 

TBA 

277 

1986 

Jelly el id., 1986 

cimliuc membranes 

Human experimental atheroma, plasma 

TBA 

279 

Mahanty ct al.. 19K6 

A&pirih Stimulates MDA formation In mouse 

TBA 

280 

Schimke ct id.. 1986 

miemsomes 

Myocardial infarction, human serum 

TBA Ysgi 

2S1 

Quash et al.. 1987 

Enzymatical formation from spermine 

TBa paper chromatography 

225 


(3-adrenareceptor function, and reduction of contractive 
force followed by a complete contraction failure. 136 A 
similar effect was also observed with rat diaphragm 
(see ref. 1 , p. S6), Inactivation of p-adrenoreceptors 
by HNE (0.5 to 2.5 mM) was also observed in iso¬ 
lated lung membranes. 63 

4-Hydroxyhexenal injected as aqueous solution in- 
craperitoneally into rats caused severe localized necro¬ 
tizing peritonitis.' 10 On the other hand, 4-hydroxyhexena] 
injected intravenously in form of a phospholipid emul¬ 
sion (13-18 mg hydroxyhexenal/kg body weight) 
caused tivei damage very similar to carbon tetrachlo¬ 
ride poisoning and scnccianinc poisoning. It was there¬ 
fore concluded 30 that hydroxyalkenals are involved in 
the mechanism by which these two toxins cause liver 
damage. 

Mice which orally received an HNE-rich fraction of 
oxidized linoleic acid showed severe lymphocyte necro¬ 
sis in the thymus 24 h later. 157 The LD50 of HNE for 


mice is 0.44 mmol = 68.6 mg/kg body weight if given 
intrapcritoncally. The LD, C , values determined for other 
4-hydroxy alkenals are 1.46 (4-hydroxyoctenal), 1.22 
(4-hydroxyheptenal). 0.98 (4-hydroxyhexenal), and 
0.99 (4-hydroxypentenal) mmol/kg body weight (see 
ref. 1, p. 54). 

In one study not concerning lipid peroxidation,’ 16 
HNE was found to be one of the most Fish-toxic prin¬ 
ciples in some red algae. For reef-dwelling fish (e.g., 
Eupomacentrus leucosticus) a dose of 8 p,g HNE/mL 
was acutely toxic. During the outbreak of the toxic 
Spanish oil syndrome (midth 1981) a connection has 
also been proposed between the HNE contents in oil 
samples collected and the toxicity of these oil samples. 
A bioassay-screening program gave correlation between 
the toxicity of the oil samples and their HNE con¬ 
tents. 60 Rats with Yoshida hepatoma A120 showed a 
disturbance of the cell cycle in the tumor cells 111 after 
administration of 25—50 mg HNE/kg body weight. A 
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Tabic #>, Comirucd 


Author 

Method of 

Generation 

Method of 
Measurement 

Ref 

; 

Toiriiis et a!,, 1987 

Vitamin E deficiency, rat plo&ma, rat liver 


49 

1 

Mukhopadhyoy ct al.* 1988 

Platelets treated with Cd 


582 

1 

SkomyakoV « a(., !9S8 

Craniocerebral injuries, CSF, human 

TBA 

283 

I 

UomoecnJ,, 19SS 

Pholoirnidfated com oil 

CC. 

189 

j 

EkstrtSm et al.. 1988 

CHCLj ingtirion. fat, Urine 

HPLC of DNPH derivative 

186 


Cheescman ct al.* 1988 

Hydroxyl radical induced degradation of 

HPLC 

2W 

1 


2-deogyribosc 




bboacrburg ct al.. 1988 

HJY infection 

Yagi 

285 

j 

Lienan ef al. 

Hypovolemic uaunutic shock canine plasma 

TBA, total plasma 

57 

1 

Vcndemialc ct al., 1989 

Alcohol ingestion, human plasma 

TBA-HPLC,total plasma 

287 

1 

Ferrali ct al., 1989 

Aliyl alcohol ingestion, mice plasma 

TBA TCA supernatant 

288 

1 

Honja a al.,1989 

Acute pancicwifis, human scrum 

Yagi 

289 

| 

Tomka ct a]., 1989 

Ovariectomy. mis plasma 

Yagi 

273 


AJhano et al. t 1989 

Incubation of hepaiueyccs with alcohol 

TBA, TCA supernatant 

290 

1 

Dehnis and Shibamoto, 1989 

UV-inadiaunn squaleae 

ac 

3?8 




Table 7. MDA or TBAR5 Values Reported for Normal Human Plasma. 


1 

MDA 

nmol/mL 

Reaction Conditions 

Ref. 

! 

j 

3.4-4..0 

TCA precipitate of scrum Was reacted 
with TBA/NfljSO, for 30 inin ui l(jq°C 

208 


3 3 

FTlosphotungstic acid precipitate of 
strum was reacted with TBA/acelic ucid 

209 

I 


far 60 min at 95 P C 



3.8-4,6 

TCA precipitate of plasma was reacted 
with TBA/Na 2 SO* for 30 min at 10Q*C 

210 

') 

f 

0.94 

Plasma was reacted with TBa/hCI/TCA 
for 30 min at IOO a C 

2)1 

1 

0.9-1.88 

Phosphotungstic iicid precipitate of 

scrum was reacted with TBAyacelic acid 

212 

t 

( 


for 60 rain at 95“C 



3.92 

Phosphotungstic acid precipitate of 
senim was reacted with TEWacetic acid 
for 60 min at 9S°C 

21.1 

i 

0.6 

Total plasma was reacted with phosphoric 
acid/TBA for 60 min at |00“C snd deter¬ 
mined by HPLC 

199 

t 

i 

3.74 

Phosphouingstic acid precipitate oF 

214 

E 


serum was reacted with TB A/acetic add 
for 60 min at 95°C 


# 

d7.2 

Plasma was reacicci with TBAThCl/TCA for 

3D min at 100"C 

215 

f 

35.1 

Plasma was reacted with TBA/HCL/TCA for 

30 min « 10CTC 

218 

» 

0 61 


217 

•+ > 

4 \ 

0 

Deproteinized plasma was separated by HPLC 
and peak absorbance measured at 267 nm 

207 

h, 

J 

1.7 


216 

(. 

0.32 

PlflSTTlA Was reacted Wilh TBA for 90 min at 6CPC 

219 

6 
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great number of studies were published on the poten¬ 
tial use of 4-hydraxyaikenals and some of their deriva¬ 
tives for treatment of experimental animal tumors (for 
review see ref. 1, pp, 75-81). 

Olhtir effects 

In a series of papers, Ctirzio et al, 124-127 showed 
thar 4-hydroxyalkenals possess chemotactic activity to¬ 
wards rat neutrophils, and induce oriented migration 
and morphological polarization in concentrations be¬ 
tween 10~ 6 to L0 -12 M depending on the chain length 
of the aldehyde. The most effective aldehyde was not 
HNE but 4-hydroxyoctenal having its chcmotactic peak 
at 10 ll M, 2-Alkertals (e.g,, 2-nonenaJ) also exhib¬ 
ited chcmotactic activity in this test system, whereas 
alkanals were ineffective indicating that the CH — CH- 
CHO grouping is an essential structural requirement. In 
this context it should be mentioned that this functional 
group is also present in the chcmotactic Cl2 aldehyde, 
12-oxododeca-5.8, lCMrienoic acid, a major lipoxygen¬ 
ase metabolite formed in neutrophils from arachidonic 
add. 158 in human neucrophils HNE <0,01-1.0 p,M) 
stimulated random migration (chemokinesis), and a 
chemotactic response was also observed in some neu¬ 
trophil preparations. 127 A specific receptor for HNE in 
neutrophils has not been identified so far, and in view 
of the finding that HNE aDd other 4-hydroxyalkcnals 
stimulate phospholipase C ,4 ° 141 as do other chemotac- 
ric compounds such as f-me c-pep tides, 147 it is reason¬ 
able to assume that cheniotaxis is caused by an HNE 
mediated activation of phospholipase C. Since HNE, 
and probably also other aldehydes, are formed during 
the acute phase of inflammation they may well play a 
role as mediators in the inflammatory processes. 

HNE in rhe concentration range of 10 to 100 p.M 
potentiated platelet aggregation and thromboxane A 2 
formation. 117 Since the release of arachidonic acid from 
the platelets was also increased, it was concluded 
that HNE can stimulate phospholipase A z activity. 
High concentrations of HNE (350 to 600 p.M) have the 
contrary effect and inhibit ADP or arachidonic acid-in- 
duced platelet aggregation. n * 

Another interesting biological effect of HNE is its 
ability to effect heat shock gene expression. 115,1 ls - IS9 
In rat hepatocytes and rat hepatoma cells MH,C|, HNE 
(100 to 200 p.M) induced the synthesis of a 31 kD 
protein in a dose dependent manner and, to a lesser 
extent, a 70 k£> protein belonging to the heat shock 
protein (hsp) family. 113 In heat-shocked hepatocytes (2 
h, 42°C) the identified hsp were at 100, 95, 80, 70, 
47, 31, 27, and 24 kD, In heat shocked MH,C, cell* 
the hsp were 100, 8S, 80, and 31 kD protein. Treat¬ 
ment of hepatocytes with APP/Fe, which stimulates 
lipid peroxidation, led to induction of hSp 95, 80, 70, 


and 31 kD. In MH|C| cells ADP(Fe only induced hsp 
100, 85, and 70. but not hsp 80 and 31 kD. In human 
hepatoma cells (HepG;,) HNE or heat shock strongly 
induced synthesis of a hsp 70, the most conserved 
among the heat shock proteins. 139 In this cell line the 
hsp 70 was not inducible by APP/Fe it was convinc¬ 
ingly shown that HNE acts on transcription; increased 
levels of hsp 70 mRNA were detectable by two differ¬ 
ent hybridization techniques. This result suggests that 
the induction of certain heat shock proteins (31 kD, 70 
kD) occurs through a common trigger, which can be 
switched on either by heat shock, or by lipid peroxida¬ 
tion (ADP/Fe) or by HNE. It seems plausible that 
ADP/Fe is most effective in cells responding with a 
high rate of lipid peroxidation. In continuation of this 
work 119 it was shown that the common trigger proba¬ 
bly is the so called heat shock factor (HSF). It is 
known that the activation of hsp synthesis is regulated 
by a specific sequence of DNA called heat shock ele¬ 
ment HSE, to which the HSF binds and thereby pro¬ 
motes transcription of the hsp genes. In experiments 
with HeLa cells 119 it has been demonstrated that HNE 
treatment (150 p.M, 1 h) causes the binding of a spe¬ 
cific protein, probably the HSF. to the DNA-HSE se¬ 
quence regulating the expression of the 
hsp 70. Exactly the same effects were observed after 
exposure of cells to heat. These findings confirm that 
HNE is in fact able to act at the transcriptional level. 
Furthermore, the authors have concluded that their re¬ 
sults show that *'a product of lipid peroxidation rather 
than Events occurring during the process or the release 
of active radical species is an adequate trigger of hsp 
synthesis." The exact mechanism by which HNE in¬ 
teracts with the HSF and promotes its binding to the 
HSE is not yet known and would deserve further in¬ 
vestigations. 

Reports on the effects of HNE on the expression of 
oncogenes also belong to the same line of research. 121 
In erythroieukemic cells HNE at concentrations of be¬ 
tween 0.1 and ID JJ.M caused a drastic reduction of the 
mRNA for c-myc oncogene. The reduction was tran¬ 
sient and 6 h after treatment the c-myc mRNA level 
Was restored to the control level. This suggests that 
HNE has the potential to achieve a rapid modulation 
of certain mRNA transcripts, The c-myc mRNA has a 
very short half life, and conclusive evidence whether 
HNE has inhibited its transcription or promoted its 
degradation has so far not been obtained. 

MXL-OINXLDEHYPE 

Structure 

Aqueous solutions of MDA were first prepared by 
Claisen (160) through acid hydrolysis of p-etho*y ac- 
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Fig. 13. Structures of MDA in aqueous solutions. 



Pig. 15. Structures of the product fanned by reaction of MDA with 
thiobarbiturie acid. 


ralein diethylacetal. Hiitrel 1 ® 1 crystallized the sodium 
salt of MDa which was said to be hygroscopic and can 
be stored only for a short time. 162 In aqueous solution 
MDA can exist in various forms depending on pH (Fig. 
13). The pK value of the enolic OH group is 4.5. 162 
At neutral and alkaline condition the predominant (more 
than 99%) form is therefore the enolatc anion, whereas 
at acidic pH (pH < 4 . 5 ) MDa mainly exists in the tau¬ 
tomeric untilssooated enol form as (3-hydroxy acrolein 
and in equilibrium with the dicarbonyl form. 163 The 
configuration of the CC-double bond is mainly cis, and 
intramolecular hydrogen bonds favor the formation of a 
cyclic chelate form. Two cis-eitols can also interact by 
imermolecular hydrogen bonds, and form a dimeric com¬ 
plex." 52 

For biological experiments aqueous solutions of 
MDA are most frequently prepared by acid hydroly¬ 
sis (e.g.. 1% H 2 SOJ at room temperature of commer¬ 
cially available bis-dimethyl- or bis-diethylacetal. In 1 % 
h ; S0 4 MDA has a UV absorption maximum at 245 nm 
(€ = 13 700), in neutral or alkaline solutions the maxi¬ 
mum is shifted to 267 nm (e = 31 S00). Dilute neutral 
or acidic solutions of MDa (below 25 p.M) can be 
stored at 4 °C for 20 days without detectable change of 
the MDA content (162). With increasing concentration, 
however, aqueous MDA solutions become prone to al- 
dol type self condensation leading to a dimer 31 and 
trimers 32 and 33 (Fig. 14), 164 ■ 380 which might be sig¬ 
nificant al room temperature and prolonged storage. At 
least five different condensation products were present 
in an MDA solution prepared by acid hydrolysis of the 


letra-nurthylacetal in 0.33 M HCI at 60 °C and stored 
for 10 h at 4 “C. J65 The.Se products could be separated 
by gel chromatography, and some of them showed fluo¬ 
rescence at 490 nm (Ex 365 to 395). which might inter¬ 
fere in fluorescence studies. In use of MDa for biological 
studies it should also be considered that MDA solutions 
prepared by acid hydrolysis of the bis-acetal may con¬ 
tain small amounts of (3-ethoxy or (3-methoxy acrolein, 166 
which is a highly reactive aldehyde able ro modify bio- 
molecules much more readily than MDa itself. It has 
been reported that MDA solutions free of these contam¬ 
inant; can be prepared enzymatically by aldehyde dehy¬ 
drogenase from 1,3-propanediol, 167 or from the 
chromacographically purified sodium salt of MDA. or by 
hydrolysis of p-nirrophenoxy acrolein, 166 

Determination 

A great number of methods were introduced for de¬ 
termination of MDA in fie* and/or bound form. They 
include either reactions leading to colored or fluoje^- 
cent products , 1!iw ~ 174 or chromatography such as 
TLC, 176-177 HPLC, I7S-J66,207 ' W or GC 189-1911,392 with 
or without derivatization. Among all, the most com¬ 
mon method is the colorimetric or fluorimetric deter¬ 
mination of MDA or MDA-like materials by the 
rhiobarbituric acid (TBA) assay (for review see 8, 
391). This assay was first used by food chemists to 
measure rancidity. Sinnhuber er al. 192 characterized the 
chromngen as condensation product of two molecules 
of TBA with I molecule of MDA (Fig- 15). The prod¬ 
uct has an absorption maximum at 532 nm (in acidic 


‘•v-y 1 



31 0 

11 

Hw _ x —H 

."X-V 



-s. 4* MPA 

- h 2 o\ 


© 



Rjj. 14. Dimers and trjmers of MDA which can be formed in aqueous solution. 
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Fig. 16. Reaction nf 2,4-aikadi<inais w ilh thiobarbiaurie acid. In (he 
presence of oxygen the same product is formed as with MDa, 


Conditions of the assay) with a very high molar absorp¬ 
tive jty of 153,000. [t can be extracted from the aque¬ 
ous phase into butanol, which can be of importance if 
turbid samples must be analyzed- The fluorescence 
maximum is at 453nm, 

Treatment of biological samples with TBA under ap¬ 
propriate conditions often results in the formation of 
pink-colored products, which absorb in the 500-550 nm 
range. The simplicity of the test, its recommended cali¬ 
bration with authentic MDA, and the similarity in the 
color with that of the TBA-MDA complex has probably 
misled many scientists to believe that what they mea¬ 
sure with the TBA assay was in fact free MDA result¬ 
ing from lipid peroxidation. It is, however, well documented 
that MDA or MDA-like substances can also be formed 
during the assay from various precursors produced dur¬ 
ing lipid peroxidation such as oxidized lipids, 2-alke- 
nals. 2,4-alkadienals (Fig. 16), 4-hydroxyalkenals or 
MDA bound to proteins (193-198,202). Moreover, many 
substances which are not related ro lipid peroxidation 
(e.g., some sugars and amino acids, urea, biliveidin, 
pharmaceuticals, glyoxal, furfuraldehyde) may also form 
a TBA complex with significant absorbance around 530- 
535 nrn. 15 *' 201 The absorbance at 532 nm by its own is 
therefore not indicative of MDA and it seems more ap¬ 
propriate to express the results in terms thiobarblturie 
acid reactive substances (TBARS) rather than MDA. On 
a molar basis the absorption produced by compounds 
other than MDA is usually low compared to MDA, thus 
the interference can be weak or strong depending on 
their relative ratio to MDA and the reaction conditions- 
If high concentrations of ferrous ions are present in the 
reaction mixture, the yield of 532 nm absorbing mate¬ 
rial can be Significantly higher, for example treatment 
of hydroperoxides of arachidonic acid with TBA (10% 
TCA, 30 min at 100 °C) in the presence of 2.5 mM 
FeS0 4 gives a significant 532 nm absorption with a mo¬ 
lar absorptivity of 1.2,400-34,100. 21)6 To avoid errors 
introduced by chromogens which have the absorption 
maximum not at 532 nm it is strongly recommended to 
record the spectrum in the 430-60Q nm range and to 


correct for possible background absorption. The exact 
amount of the MDA-TBA complex can also be deter¬ 
mined by HPLC 

Numerous variations of the TBA assay differing in 
sample p re treatment, acid concentration, heating time, 
absence or presence of antioxidants and/or caralytically 
active ferrous ions were introduced. One should keep in 
mind that the purpose of such modified assays is rather 
to obtain an index for lipid peroxidation than to mea¬ 
sure MDA. In assays where the sample is first treated 
Under mild conditions with TCA (o«k volume sample 
plus two volume cold 10% TCA) and the clear TCA 
soluble fraction is subjected to the TBA reaction, free 
MDA is measured primarily. In tissue homogenates, sc- 
runt, and blood, TCA precipitates not only the proteins 
but also most of the lipid material, which is present in 
form of lipoproteins. In case of peroxidized microsornes 
the use of this method gave precisely the some values 
as found in parallel assay when MDA was determined 
by HPLC. 18 ® In assays where the whole acidified sam¬ 
ple is heated with TBA for a longer time the resulting 
absorption at 532 nm can come from preexisting MDA, 
protein-bound MDA, lipid peroxides, and many other 
substances (e.g., aldehydes) which degrade to MDA in 
the hot acid. 

Assays using phosphoric acid (1%) instead of TCA 
were reported ro measure primarily protein-bound MDA 
(for a review see 8). The very commonly used assay 
developed by Yagi 204,w was designed to measure lipid 
peroxides present in plasma or whole blood. Here the 
scrum is first treated with phosphotungstic acid, which 
precipitates the protein and lipids (e.g., lipoproteins), 
and the prorein/lipid pellet is then heated with TBA in 
acetic acid. Clearly, since the serum proteins are present, 
the assay would also determine potentially present pro¬ 
tein-bound MDA. A method designed for oiicrodetcT- 
m'matjon of lipid peroxides in oxidized lipids employs 
a modified TBA assay supplemented with 2.5 mM 
FeS0 4 (to promote degradation of preexisting perox¬ 
ides) and BHT (to prevent formation of new peroxides 
during the assay). 206 

To improve the specificity, various HPLC methods 
for MDA determination were introduced. They can 
be divided into three categories, that is, precoiumn de- 
rivatizaiioti, 180 ' 1B2 ' ,85-lS7 postcolumn derivarization 183199 
and direct determination without dcri variation. l7y ' ,H2 ' 
i 84 . 1 as. 2 n 7 R ea g enls employed for precoiumn dcrivatLza- 

Lion aie TBA, 180 dansyl-hydrazinc, 181,182 dinitrophenyl- 
hydrazine, ,B5 ' 1M and methylamine + acetaldehyde. 187 
Postcolumn derivarization can be made with the TBA 
reagent. I83,lyv The direct HPLC determination takes ad¬ 
vantage of the UV-absorption of MDa. Separations 
were described for ODS columns 184 ’ 188,207 and size ex¬ 
clusion columns. 182 Finally several GC and GC/MS 
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methods were introduced. They require chat the MBA 
is first derivatized to a volatile product. Proposed de¬ 
rivatives were the conversion to the tetra-methylace- 
tal 191 and the derivatizaiion with methylhydrazine, 190 
2-hydruzino-benzthiaZole, 190 or penca-fluorophenylhy- 
drazine. 3 ® 2 

An investigator new in the field of lipid peroxida¬ 
tion is likely to be confused by the many methods 
which were introduced for determination of MDA or 
TBARS respectively. Which method should he use, are 
there good ones and others not so good? It all depends 
on the question to be answered. If one wants to know 
whether a certain treatment has induced lipid peroxida¬ 
tion (e.g., in cells or cell fractions) or whether a sam¬ 
ple contains some remnants of lipid peroxidation, the 
first method of choice should be the TBA assay, pref¬ 
erably with the whole sample. We are not aware of any 
Studies with true biological samples (exceptions might 
be. of course, pure model Compounds as. for example, 
oxidised oleic acid), where TBA gave a negative re¬ 
sult, but other methods indicated the existence of per¬ 
oxidation. If the TBa assay is not positive it makes no 
Sense to try one of the more sophisticated methods. 
However, if the TBA assay gives a positive result, ad¬ 
ditional analysis should be performed to prove that this 
is truly related to preexisting MDA or protein-bound 
MDA, or other lipid peroxidation products. 

Occurrence 

A huge number of investigations exist in which MDA 
or TBARS ware measured in model systems and bio¬ 
logical samples, We have compiled a representative list 
with the main emphasis on publications which appeared 
within the recent years (Table 6). Since oxidarive stress 
and lipid peroxidation might be involved causally in the 
pathogenesis of human diseases, the determination of 
remnants of lipid peroxidation in human blood or serum 
has received considerable attention. Tabic 7 gives a sur¬ 
vey on MDa or TBARS values which were reported to 
be present in human blood, serum, or plasma of healthy 
human subjects. 208-21 ® The values show, depending on 
the method of determination, an extremely wide varia¬ 
tion from 0.0 to 47.2 nmol/mL plasma, which clearly 
indicates the problems inherent to ail assays. With 
the most specific methods, MDA was either unde¬ 
tectable in plasma (HPLC without derivatization 207 } or 
low (0,6 nmol/mL with HPLC and TBA postcolumn 
derivanzation).’ 99 The highest values of 35 to 47 nmol/mL 
were found in an assay where the whole plasma was 
heated for 30 min at 100 °C in strong acidic TBA re¬ 
agent and only the developed 532 nm absorbance was 
measured. 2ls,2Ie The comporeot(s) in plasma responsi¬ 
ble for the formation of the chromogen in this assay as 
well as in the assays, where values in the medium range 
Were obtained, is/are largely unknown and would de- 



XK 

Fig. 17. Possible mechanism of formadon of MDa from FUFAS ac¬ 
cording to Pryor Snd Stanley ” s 

serve more attention, because there seems to be no 
doubt that increased values are often associated with hu¬ 
man diseases. Thus increased plasma TBARS were re¬ 
ported to occur in patients with heart diseases 217 afld 
diabetes 220 as well as in chronic smokers 221 and in el¬ 
derly persons. 210 


Mechanism offormation 

MDA in fresh or peroxidized biological samples re¬ 
sults mainly from the oxidative degradation of PUFaS 
with more than two methylene-interrupted double bonds. 
In mammalian tissue the precursors for MDA will 
therefore be mainly the PUFAS arachidonic acid (20:4) 
and docosahexaertoic acid (22:6). Possible mechanisms 
for the formation of MDA from these PUFAS were 
proposed by Pryor and Stanley 222 (Fig. 17). It involves 
the formation of bicycto-endoperoxides as intermedi¬ 
ates, which subsequently break down to free MDA by 
thermal or acid-catalyzed reactions. Another mecha¬ 
nism was suggested by Wilson," 3 Here the intermedi¬ 
ate Is a peroxidized PUFA with a vicinal hydroxy— 
hydroperoxy grouping. 

Pranke] ct al. 191 used an acetalation-acid decompo¬ 
sition method to investigate the formation of MDA 
from lipid oxidation products. A wide assortment of 
purified primary and secondary oxidation products from 
linoleate and linolenate (Fig. IS) were treated at ambi¬ 
ent temperature with a mixture of methanol, trimethyl- 
orthoformate and anhydrous HC1 for 18 h. The formed 
MDA-tetramethylacetal was then quantified by GC- 
M5. The highest yield (about 25 mol%) of MDA was 
obtained from the five-membered linoleate hydroperoxy 
cpidioxide with an ally lie trans-double bond. Rich 
sources of MDA {about I to 5.8 mol%) were also var¬ 
ious hydroperoxy opidioxides, hydroperoxy bis-epi- 
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hydroperoxy epidiojtide 

{’o 2 + 18:?, 25 mol %} 


OOH OOH 



1,3—dihydroperoxide 
C’o 2 + 1B:3, 5-2 mol Z) 


OOH 



0--O 

hydro pero*y epidioxide 
(■^Oj + 16:3, 2-4 mol %) 


OOH 



hydroperoxy bisepidioxlde 
( T D 2 + 18:2. 5-8 mol %) 



OOH 


hydroperc<y-“biscycloendcpero*ide 

+ 18:3. 3-9 mol JS) 


OOH 



hydroperoxy epidiaxide 
+ 16:3, 2-3 mol X) 


1 


ill 

1 


OOH OOH 


T ,4— dihydroperoxide 
(^2 +- 18:3, 0 9 mol X) 

rig. 18. Upid oxidaiion products giving MDA-tetrarneih>Iacctid uptin acer:ll. 1 [jon acid decomposition (191). As indicated in brackets, the com¬ 
pounds were prepared by phutooxidJUion with singlet oxygen /O.) or nutoaidation /Oj) frtnn linaleate 18:2 Or lanolcnate 18:3; given in brackets 
is tilso the yield of MDa in rpnl%. 




dioxides, hydfopeioxy bis-cycloendoperoxides, and 1,3- 
and 1,4-dihy droperoxidcs from litiolenate (Fig. 18). 
Very little MDA (0.2 to 0.5 mol%) was given by 
monohydroperoxides of linoieatc or linolenate. No MDA 
was formed from linoleata six-membered hydroperoxy 
epidioxides with an endocyclie double band, and from 
lino- lenate 1,7- and 1. ,8-dihydroperoxides. These stud¬ 
ies confirm the mechanism postulated by Piyor et al. 222 
that in autoxidized lipids the main source of MDA will 
be five-membcrcd hydroperoxy epidioxides and hydro¬ 
peroxy bis-cycioendoperoxides derived from PUFAS 
with more than rwo double bonds. Note that linoleate 
hydroperoxy epidioxide, which appears to be the rich¬ 
est source of MDA, is a photooxidation product (sin¬ 
glet 0 2 ) and likely not present in autoxidized lipids. 

We still want to propose rwo other mechanisms for 
the formation of MDA from PUFAS with more than 
two double bonds. The principal steps in case of arachidoaic 


acid are shown in Fig. 19. They involve a successive 
degradation (formation of hydroperoxides followed by 
0-cleavage) of the fatty acid chain to a hydroperoxyal- 
dehyde, which could then yield MDa by 0-scis$ion or 
an acrolein radical, which can read with an OH-rudi- 
cal to MDA in the enol form (Fig. 19). 

It is generally agreed that oleic acid or linoleic acid 
are weak precursors for MDA. We have found, 4,14 
for example, 4.5, 4.9, 4.7, and 7.6 mol% free MDA 
(determined by HPLC) in iron/aseorbate autoxidized li- 
rwlenic, gamma-linolenic, arachidonic, and docosahexa- 
enoic acid, whereas from linoleic acid the yield was only 
0,5 tnol%, and no MDA was present in oxidized oleic 
acid. In these systems the TBARS-values were only 
slightly higher than free MDA which indicates that most 
of the MDA precursors in fact decomposed to free MDA 
already during the autoxidation period. 4 

In certain tissues MDa can also be formed by en- 
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t F’E' 19- Possible mechanisms of formar/on of MDA through auioxi- 

? datioo of intense diale polyun^afUraced aldehydes derived froru JJ- 

! cleavage of 5‘bydtnpen>xy or 15-nydropcroxy arachidQnic acid, 

\(:\ 

zym&tic processes. 17s - 2i4 MDA, thromboxane A 2 and 
the corresponding C, 7 compounds are formed, for ex¬ 
ample, in a ratio of 1:1:1 by human platelet thrombox¬ 
ane synthetase from PGH 3 . PGH 3 and PGG_„ The 
PGHi, 8-iso-PGH 2 and 13{S)-hydroxy-PGH 3 gave only 
MDa and die corresponding C I7 compound, but not 
thromboxane A 2 . The reaction mechanism for rhe for¬ 
mation of MDA from PGH ? , as proposed by Heeker 
and Ulrich, 2 " 4 is given in Fig, 20. Recently it was 
shown that MDA can also be formed enzymatically 
from spermine, 22:1 A polyasmine oxidase converts sper¬ 
mine into 3-amino-propanal which is then oxidized by 
an aminoxidase to MDA. Formation of MDA by this 
en2ytnatic process was observed in homogenates of 
transformed kidney ceils supplemented with spermine. 
Spermidine cannot be converted enzymatically to MDA. 


H. EsTtkmnLK «v ni. 

^Jt-CHc-CH—NH--CH—COOH 
It 


HO0C—CH—tfeCH- CH—C H—MU—CM—C0OM 

i fl 3S 

Fig. 21. Structure or the 1:1 ami 1:2 condensation products of MDA 
with amino acids. 


Model reactions 

Among the three principal forms of MDA that can 
exist in aqueous solutions the enolate anion, which is 
the main species at pH 7.4, is of low reactivity. Under 
physiological conditions MDA is therefore not, as fre¬ 
quently said, a highly reactive compound, rather the 
contrary is the case. The reactivity increases at lower 
pH when the (3-hydroxyacrolein becomes the predomi¬ 
nant species. This form of MDA is an electrophile 
which can react with nucleophiles in a Michael type 
1,4-addidcm reaction similarly to other o.^-unsatumted 
aldehydes (e.g,, acrolein, HNE), Resonance stabilization 
of the intermediary formed anion is said to favor this 
type of reaction 2215 which gives a j3-substitimed acrolein 
as end product. This primary 1:1 reaction product may 
then further react to give 1 :2 adducts (Fig. 21). 

Treatment of glycine with MDa under strong acidic 
conditions and at high concentrations gave a solid pre¬ 
cipitate which was characterized as the 1:1 adduct 
enaminal, that is, Af-propeuaJ-amino-acetic acid 34. 32t> 
The yellow .supernatanr is fluorescent, and Olio and 
Tappfl 227 isolated from it the 1:2 adduct 35, Analogous 
1:2 adducts with the general formula 35 wen: also 
formed under strong acidic conditions (( N HCI) from 
Val, Val-merhylesier, and Leu. At strong acidic condi¬ 
tions (10 N HCI, 25 °C) rhe guaoidino-group of Arg 
reacts with MDA to D-jV-(2-pyrimidinyl)-L-omithine. 




THTOUflOMNE 



Fig. 20, hfechfiiuflni of formation of MDA Irani PCHfi as proposed by Hrek.tr and Ulricti, 2 ** 
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36 


HN—cHs=CH— 
— ^MOWH 
• ^S—CMj,—C«CGOH 

Hlk-CH^CH— 


Fig. 22. Scruciurc of the reaction produce MDA with cysteine. 
MDA;Cys 2:2. 


This reaction was occasionally used to modify selec- 
lively Arg-residues in proteins. 22 * In a cartful study 
Nair et a).* 30 investigated the reaction of MDA with 
seven] amino acids under conditions (pH 4.2, 20-200 
mM) which are somewhat closer to the physiological 
situation. The formed products were characterized by 
NMR. elemental analysis, and UV- and mass-spectros¬ 
copy, His. Tyr, Try, and Arg reacted exclusively at the 
a-amino-group to the corresponding enaminals that is, 
the l;l adducts 34, and under these mild conditions 
obviously no 1:2 adducts 3S were Formed even with 
large excess of amino acids and extremely long reac¬ 
tion times of 13 days at room temperature. The me¬ 
thyl-esters of His, Arg, Try, and Lys also reacted with 
MDA to enaminals 219 ’ 130 of the general structure R- 
NH-CH = CH-CHO. The reaction of cysteine with MDA 
at neutral pH and room temperature leads to a product 
containing two cysteine residues and three molecules of 
MDA 231 232 (Fig. 22). We have studied the reaction of 
MDA (0.1 mM) with Gly and GSH (1 mM) at pH 7.4, 
and found virtually no reaction over 5 h (Fig, 23). In 
these experiments the MDA concentration was deter¬ 
mined over time by HPLC. Under the same conditions 
cysteine (1 mM), serum albumin (1 mM), and serum 
(60 mg/mL) led to a consumption of 65. 50, and 70% 



Fig. 23. Kinetics of (he reaction of MDA (0.1 mM) or HNE (0.1 
mM) with glutathione (GSH lmM). cysteine (CySH IrnM), glycine 
(Gly 1 mM). bovine scrumc glbuminc (BSA lmM) or human serum 
(60 mg/mL). The reaction was carried cm at pH 7.4 and the con¬ 
sumption of MDA or HNE was followed by HPLC- (redrawn from 
Fig. 9 and 10 in ref. 2). 


40 



Fig. 24. Products identified til a reaction mixture nf MDA with sec¬ 
ondary or primary amines. Note that 39 and 41 result from impuri¬ 
ties in the MDA solution, 


of MDA within S h. HNE, on the other hand, was 
much more reactive and was fully consumed (with Cys, 
GSH, serum, BSA) within 1 h or less. This experiment 
clearly indicates that under physiological conditions 
MDA is considerably less reactive than a.p-unsaturated 
aldehydes and its reaction with the a-amino-group of 
amino acids are in fact not favored. 

The reaction of methylamine and several secondary 
amines with MDA (prepared by acid-hydrolysis of tet- 
ramethoxy-propane) at neutral or weak acidic pH and 
37 °C was studied by Kikugawa et al, 239 " 237 Second¬ 
ary amines (dimcthylaminc, diethyl-amine, piperidine, 
pyrrolidine, and morpholine) gave the 1:1 adduct, that 
is, (i-dialky lam ino-acrolein 23 '' (Fig. 24,37). These prod¬ 
ucts are unstable and again gave a pink chromogen in 
the TEA assay, The reaction with methylamine was 
much more complex and 4 products could be isolated 
and identified: the fluorescent compounds 1,4-dLmeth- 
yl-l,4-dihydro-pyridinc-3,5-dia!dehyde 36 and 1-methyl- 
4-(di me thoxymeihyl)-l,4-di hydropyridine-3,5- 
dicarbaldchyde 39, and the nnnfluorcsccnt compounds 
3 methylamino acrolein 40 and di-azo-bicyclr>[3.3.1.|- 
3,7-nouadien-di-aldehyde 4/~ 34 (Fig. 24). 

Compound JV and possibly compound 41 resulc 
from impurities (methoxy-acrolein, 3,3-dimethoxy-pro- 
pionaldehyde) of the MDA solution used in these ex¬ 
periments. When the purified sodium salt of MDA was 
used instead of acid hydrolysates of tetra-methoxy-pro- 
pane, methylamine gave only compounds 3S mid 40. 
The formation of compound 39 is thought to occur by 
the "Hantzsch dihydru-pyridinc synthesis 11 from 1 mol 
methylamine + 2 mo] MDA + 1 mol dimethoxy-pro- 
pionaldehyde. 235 Similarly compound 38 is thought to 
be formed by condensation of 1 mol methylamine + 2 
mol MDA +• 1 mol acetaldehyde (Fig. 24), whereby 
Acetaldehyde is formed in the reaction mixture from 
MDA by an unknown mechanism (a possibility is oxi¬ 
dation to mafonic acid semialdehyde, followed by de¬ 
carboxylation). The formation of dihydropyridine 
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Fifl- 25. Mschanista of (he farm&drin of a 4ihydrcpyridine derivative 
by reaction of MDA and a saturarcd aldehyde with a primary amine. 
The Hoichiottleoy is 2t 1:1. 
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derivatives with the structure 38 in reactions of primary 
amino groups with MDA alone or MDA in mixture 
with saturated aldehydes is now well established, and 
mechanisms of the reaction have been proposed 235,2 * 8 
(Fig. 25). Since during lipid peroxidation MDa will 
always be formed together with other aldehydes includ¬ 
ing saturated aldehydes, such as hexanal, it is reason¬ 
able to assume that dihydro-pyridxne derivatives can 
also be formed during lipid peroxidation in biological 
systems. 

Compared with free amino acids, proteins are much 
more readily modified by MDA under physiological 
conditions. 2 ' ,7 ' a3, " ,342,2 ‘ ,fi It has been suggested that the 
amino acid residues in a protein provide a more favor¬ 
able environment for reactions with MDA. It has also 
been, suspected that modification of proteins might be 
caused not by MDA itself, but by some of its conden¬ 
sation products, 250 In polylysine, MDA led to three 
types of modifications of the e-amino-groups (243). 
Twenty-two percent of the incorporated MDA was 
present as instable amino-propenal 42, 77% were 
thought to have formed the more stable crosslinks with 
the amino-imino-propen structure 43, and less than 1% 
had the dihydro-pyridine structure, that is, 1,4-dihydro- 
pyridine-3,5-dicarbaldehyde 44 (Fig. 26). Similar re¬ 
sults were obtained with BSA modified with MDA (10 



Bg, 26. Modificatfoii of «-aiftino groups in proteins by VIDA. 


o 




Fig, 28, Reaction of adenosine with MDA gives via 47 the 1;J ad¬ 
duct AM, 4S and the 1 -J adtjuct AM, 49. 


mM) at 37 °C for 24 h. Hens, MDA modified 26 lysine 
residues out of the total 56 present in this protein. In 
11 residues MDa was bound to the e-ami no-groups as 
amino-propenal and 0,3% residues formed the !,4-di- 
hydro-pyridine .structure. The remaining modifications 
are probably intra- and intermolecular cross-links with 
the amino-imlno-propen structure. 244 That MDa can 
introduce cross-links in proteins has also been shown 
in various other studies, and it is generally agreed that 
they also have the amino-imino-propen structure, al¬ 
though this assumption is based only on indirect evi¬ 
dence. Amino acid analysis of MDA-xnodified proteins 
indicates that besides lysine residues His. Tyr, Arg, 
and Met may also be altered to some extent. 241 

Reaction of MDA with nucleosides is another sub¬ 
ject which has received considerable attention 245-230 
because of its mutagenicity. Deoxy-guanosizie is the 
most reactive base and with MDA forms a 1:1 adduct 
CM, 4S 1,>s and a 1:2 adduct GM 2 dfj 247,ztt8 (Fig. 27). 
Adenosine gives a 1:1 adduct AM[ 47 14 *' 249 and a 1:3 
adduct AM;, 49 (Fig. 28). Cytidine gives a 1:3 adduct 
CM, (Fig. 29), 249 and no reaction was observed with 
thymidine. The reaction of MDA with nucleosides is 
strongly accelerated by decreasing pH. With guano- 
sinc, the reaction proceeds 18 times faster at pH 1.0 
than at pH 4.2. Furthermore, rather long reaction times 
and high concentrations of the reactants are neccessary 



Fig, 27. Reaction of deoxy^ua/iosinc with MDA gives the 1:1 adduct GMj 45 and the 1:2 adduct GMj 46 . 
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Fig. 29. Reaction of cytidinc with MDA gives the 1:3 adduct 
CM, SO. 


to obtain modifications of nucleosides, which makes it 
rather unlikely that such modifications Could occur to a 
large extent in vivo. The 1:1 adduct of deoxyguanos- 
ine with MDA, that is, 3-(2 deoxy-P-D-erythro-penra- 
furanosyl)-pyrimido [ 1,2-a]-purine- 10(H)-one 45 was 
the only product found in MDA-treated DNA after en¬ 
zymatic digestion. 252 After alkaline hydrolysis of 
MDA-treated RNA or DNA no modified bases were 
found, probably due to their instability under alkalin e 
conditions. In RNA, however, the content of CMP, 
GMP and AMP was decreased which suggests that a 
part of them was altered by MDA. 250 It has been pro 
posed that MDA can modify double-stranded DNA by 
formation of amino-lmino-propen crosslinks between 
the NHj groups of a guanosinc base and the NH 2 group 
of the complementary cytosine base (Fig. 30). 


Metabolism of MDA and excretion of MDA derivatives 
in urine 

In rat liver MDA can be oxidatively metabolized to 
C0 2 and H 2 0. In this process mitochondrial aldehyde 
dehydrogenases first convert MDA to malonic acid 
semialdehyde, which spontaneously decarboxylatcs to 
acetaldehyde. Acetaldehyde is then further oxidized by 
aldehyde dehydrogenases to acetate, and further to CO- 
and H 2 0 253 In mouse liver the formation of malonic 
acid semialdehyde is catalyzed by a cytosolic aldehyde 
dehydrogenase. A minor fraction of MDA can also be 
oxidized in liver to malonate, which is converted to 
malonyl-CoA and decarboxylated to acetyl-Co A. 25 * 

In the urine of rats and humans various enaroinals 
(RNH-CH >= CH-CHO) were found arising from meta¬ 
bolic degradation of MDA-modified proteins (Fig, 31)- 
They are A F -(2-propenal)lysine 52, 2si ~ 7sl /W-acetyl- 
M-(2-propenal}iysine 53, 2315 A'-fl-propenal) serine 55. 259 
and A'-(2-propenal)etholamine 54. 260 The greater part 
of these products is not of endogenous origin, but re¬ 



Fig, 30, Pussible MDA cross-links between guanine and cytosine 
buses in dttubJc-scnindcd DNA. 


suits from degradation of MDA-modified proteins taken 
in with food of animal origin. ss: An increase of these 
MDA-aimno acid conjugates in urine was observed in 
rats under vitamin E-deficient conditions, 49 ' 2Sl after 
CClj-poisoning. 261 after injection of iron-mcriloacetate 
(which stimulates lipid peroxidation, 262 or in rats fed a 
cod liver oil diet followed by a 24-h period of fast- 

5*1 

mg- 

The MDA level in normal human urine was recently 
reported to be in the range of 0,2 to 0.8 pM, deter¬ 
mined as pefltafluorphenyl-hydra2ine derivative by GC 
with electron capture detection, 392 

ACROLEIN 

Occurrence and reactivity 

Acrolein CHj = CH-CHO is a widely used bulk chem¬ 
ical and occurs as an ubiquitous pollutant in the envi¬ 
ronment, because it is formed during incomplete combustion 
of petrol, coal, wood, and plastic material (for njview 
see 291, 292). Acrolein is also present in the gas phase 
of cigarette smoke in amounts of about 25 to 140 pg/ 
cigarette. 12 It has been known for a long time that ac¬ 
rolein is formed in overheating flying oils, and the name 
“acrolein" derives from the acrid smell of overheated 
oils. Moreover, acrolein is a toxic metabolite formed in 
bio-cransfomnation of allyl alcohol, 11,293 allylamine, 294 
and ally 1-formatc, 295 and the widely used anticancer 
drug eyeiophosphamide. 291,294-298 Acrolein may also be 
formed intraceliulady by enzymatic oxidation of poly- 
amine metabolites. 599.300 g ma j| amoun ts of acrolein can 
also be formed from PUFAS during lipid peroxidation. 
Other 2-alkenaIs (for review sec 4) identified in peroxi- 
dized microsomes (ADP/Fe) are 2-pentennl, 2-hcptenal, 
2-nctenal, and 2-nonenal. Autoxidution of fatty acids 
under tuild conditions also leads to a formation of a 
number of 2-elkenals with chain length from 3 to 11 
carbon atoms. The literature on the occurrence of ac- 
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Fig. 31. MDA mcuibalitcs present in urine. 
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roiein and its hazardous effects his been reviewed sev- 
era! times (see, e.g., refs. 12. 291.292), and we therefore 
limit this chapter Id a few findings, which are, at feast 
in part, of interest in connection with the previous chap¬ 
ters on HNE and MDa. 

Among ali ot.p-unsaturated aldehydes including 4-hy- 
droxyalfccnaJs. acrolein is by far the strongest electro¬ 
phile and therefore shows the highest reactivity with 
nucleophiles such as the thiol- or amino group. i ‘ 13 ' It can 
be seen from Table 3 that acrolein reacts about 1 10-150 
times faster with GSH than crotonal or HNE. 7 " The 
mechanism of the reaction of acrolein, crotonal. and 
higher 2-alkeDals with GSH is principally the same as 
described for HNE (Fig, 5A). However, che 1:1 adducts 
IS do not cyclize and therefore have the free aldehyde 
function, which could undergo secondary reaction, such 
as, for example, Schuffs base formation. 

fast 

R-CH■=CH-CHO + GSH-> R-CH-CH 2 -CHO 

SO 

slow 

R-CH-CH 7 -CHO + RNH* —-> R-CK-CH.-CH = N-R. 

I I 

SG SG 

The same reaction probably takes place with SH groups 
in proteins. With cysteine rhe 1:1 adduct is only an in¬ 
termediate product which rapidly reacts with a second 
molecule of cysteine to the thiazobdinC derivative 24 
(Fig. 5C). which is the only product in reactions of 
2-aikenals with cysteine. 71 The thiol adducts of ac¬ 
rolein are considerably more stable than the adducts 
formed by all other ot.p-unsafurated aldehydes (Table 
3), The dissociation constant of rhe acrolein adducts are 
about (0 to 10,000 times lower than those for the other 
aldehydes, 70 

The reaction of acrolein with amino groups (RNH 2 ) 
is much slower than those with the thiol group 13 and 


results in 3-substituted propanals (R-tNH-CH 2 -CH 2 - 
CHO) and Scliiff s bases (R-NH-CH 2 -CH 2 -CH =* N- 
R). In proteins, acrolein preferentially attacks free SH 
groups of cysteine residues, e-amino groups of lysine 
residues and histidine residues. In o-i-proteinase of 
plasma, acrolein modified lysine and histidine, but not 
arginine or the other amino acid residues (301). The 
structure of the lysine- or histidine-acrolein conjugates 
was not determined. Treatment of adult human hemo¬ 
globin with acrolein lead to a heterogenous mixture of 
modified hemoglobin molecules including cross-linked 
dimers. 302 

The reaction of acrolein and crotonal with nucleic 
acid bases has received considerable attention (Fig. 
32). Acrolein reacts ar neutral pH with guanosine 303 
yielding cyclic 1:1 propano-deoxy-guanostne adducts 
56,57. The proposed mechanism leading to adduct 56 
involves Michael addition of the N-l amino group of 
deoxy-guanosine to carbon 3 of acrolein followed by 
ring closure between N-2 of deoxy-guanosine and the 
C, of acrolein. Adduct 57 is formed by ring closure in 
the opposite direction. Crotonal forms with deoxy-gua¬ 
nosine only the 1:1 cyclic propano-deoxy-guanosine 
adduct 304 with the structure Sg. The cyclic 1:1 guano¬ 
sine adducts 57 and 5ft were also formed when calf 
thymus DNA was reacted with acrolein or crotonal at 
pH 7-0, 37 °C, The number of modified guanosine 
residues was considerably higher In acrolejn-trcared 
DNA. 303 Cyclic adducts are also formed by reaction of 
acrolein with cytosine and adenine derivatives. 394 Ap¬ 
plication of an immunoassay for acrolein dcoxyguanos- 
U 10 adducts in DNA from Salmonella ryphimurium exposed 
to acrolein revealed that cyclic 1 ,/V 2 -propano-deoxy- 
guano.siuc adducts are In fact formed in vivo in a dose 
dependent manner. 335 The maximum modification with 
13 mM acrolein was 5 p.mol adduct per mol deoxygua- 
nosine. 

Crotonal is also one of the metabolites formed in rat 
liver from the cyclic nitmsamine iV-nirrOsopyrrolidine 



Fig. 32. Reaction af acrolein with fiueuosinc gives the Ul adducts 56 and 37, Crotonal gives with guanosine rd analogous adcluef 5S. 
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(NPYR). NPYR is a hepafacarcinogen and considered 
as a prototype for environmentally important nitrosa- 
mines. Wirh a modified 3: P-posOabeling method the 
cyclic l-^-propariodeoxyguanosine adduct 58 was de¬ 
tected in hepatic DNA of rats treated with NPYR, the 
croronal adduct 58 was also present in skin DNA of 
mice treated topically with croconaldehyde. The metab¬ 
olism of NPYR occurs via an a-hydroxylaced, unstable 
intermediate which spontaneously decomposes to cro- 
tonaldebyde. The hydroxylated intermediate can also be 
generated in vitro from a-acetoxy-jV-nitrosopyrrolidine. 
Calf thymus DNA reacted with a-acetoxy-ZV-nitrosopy- 
rrolidipe in the presence of an esterase also contained 
modified guanosine bases including the propatrodeoxy- 
guanosine adduct 5S. 197,398 

Cytotoxicity and Inhibition of proliferation 

Acrolein is highly cytotoxic cowards mammalian 
cells. Human bronchial epithelial cells exposed to ac¬ 
rolein for 1 hour in a thiol-free (i.e., without calf se¬ 
rum) medium were severely damaged if the concentra¬ 
tion exceeded 10 p.M. The LD 5D determined by trypan- 
blue in these cells was about 20 p.M acrolein. 305 Col¬ 
ony forming efficiency of chese cells was significantly 
decreased already at a 10-fold lower concentration of 
about 1 p.M. This dose is comparable to the dose 
which reduces colony forming efficiency in cultured 
human bronchial fibroblasts (EC — 3 p.M) 97 or in nor¬ 
mal human fibroblasts (EC — 0.66 p.M) 30 '"' to 50%. 
Interestingly, fibroblasts with a defect in the DNA re¬ 
pair system (derived from patients with Xeroderma 
pigmentosum) were more sensitive towards acrolein, a 
50% reduction of colony-forming efficiency was al¬ 
ready obtained at about 0.15 p-M acrolein- 396 This 
suggests that a decrease of colony forming efficiency 
is caused by DNA damage. In rat whole embryo cul¬ 
tures the EC,„ for malformation and crnbryolethaiity 
are 2.8 p-M and 8.3 p.M, respeciiveiy, if assayed in a 
serum free medium. 307 The ejnbryotoxicity of acrolein 
was about f 0 fold lower in culture media supplemented 
with serum. 307 ' 308 This influence of the components 
of the medium on toxicity was observed with many 
other a.p-unsaturated aldehydes and ocher cell lines 
(see, e,g., 21), It can easily be explained by the fact 
that in the presence of serum a part of the aldehyde 
will always be scavenged and thereby detoxified by SH 
groups of the serum proteins. 

A comparison of the cytotoxicity data for acrolein 
with those of the higher homologs indicates that the 
cytotoxicity sharply decreases from acrolein to cro- 
tona!, and then increases again with the increasing 
chain length of the aldehyde. For example, in Salmo¬ 
nella typhimuriwn TA 104 the maximum npri toxic doses 
were 136 0.9, 3,0. 0.9, 0.8, and D.007 p-mol pier plate 


nd related aldehydes 11 1 

for acrolein, croronal. 2-hexena[, 2-octenaJ, and 2-tion- 
enal, respectively; for cultured fibroblasts 21 (Fig. 10) 
or umbilical vein endothelial cells 100 the cytotoxicity 
and also the effect on growth capability increased from 
2-hexenaI to 2-nonenal: acrolein was not used in these 
studies, but one may assume that it would have been 
more toxic than 2-hexenai. ft Is generally agreed that 
saturated aldehydes have a much lower toxicity than 
the 2-alkenaIs. In bronchial epithelial cells formalde¬ 
hyde and acetaldehyde were toxic only at 200 to 5000- 
fold higher concentrations as compared to acrolein. 309 
In human bronchial fibroblasts 100 to 300-fold higher 
doses of formaldehyde or acetaldehyde were required 
to reproduce the effects of acrolein. 97 

The exact mechanism by which acrolein and other 
2-alkenaIs lead to cell death or inhibit cell proliferation 
are largely unknown, but it is reasonable to assume that 
what has been said about HNE is applicable here, too. 
In common with HNE. acrolein causes rapid depletion 
of thiols. This has been shown tor human bronchial fi¬ 
broblasts, 97 bronchial epithelial cells, 3 " 5 isolated hepa- 
tocyres. 310 - 319 and nasal mucosa of acrolein exposed 
rats, 315 and also for other systems. Exposure of cells 
to acrolein leads first, in a concentration-dependent 
manner, to a loss of cellular glutathione. When the 
GSH-leyel is decreased to ft certain threshold level, 
protein thiol groups also become progressively modi¬ 
fied. 305 In bronchial epithelial cells, for example, 3 to 
10 p,M acrolein causes a marked reduction of GSH, but 
has no effect on proiein-Sff. A substantial loss of pro- 
teinSH groups was observed at or above 10 |±M ac¬ 
rolein. 3 " 5 It appears that cytotoxicity is dependent on 
glutathione depletion, whereas acrolein-induced growth 
inhibition occurs before a significant loss of GSH. 
GSH also protects against the embryotoxic and terato¬ 
genic effects of acrolein.' 107 ' 301 * In acrolein-exposed bron¬ 
chial epithelial cells, no increase in oxidized glutathione 
GSSG was observed, indicating that OSH was con¬ 
sumed by conjugation to acrolein, but not by oxidative 
stress . 305 

Acrolein can inhibit, as does HNE or other alkylat¬ 
ing agents, enzymes with functional SH groups, for 
example, DNA-polymerase a (see ref. 97), the DNA 
repair enzyme 0 6 -meihylguanine-DNA-methyl transferase 
or DNA-methylase. 310 In cells, such an inhibition only 
occurs when GSH is depleted. In isolated enzymes the 
inhibition is prevented by GSH. Cox @t aj., 316 for ex¬ 
ample, studied the effect of acrolein on DNA-metllyl- 
asc from the urothelium and liver of rats in connection 
with cyclophosphamide-induced bladder cancer, and 
found the enzyme being inhibited at 10 p.M acrolein to 
about 30 to 50%. This inhibition could be prevented 
by di-thiothreitol or GSH. interestingly, these authors 
also found that acrolein-treated DNA loses its ability 
to act as substrate for DNA-methyla.se. Acrolein can 
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therefore influence DNA methylation by inhibiting the 
enzyme Dr by modifying DNA, probably by covalent 
binding to guanosine residues, 

Hepaloioxieity of acrolein and allyl alcohol 

Allyl alcohol is a strong bepatotoxin which causes 
extensive periportal necrosis in the rodent liver (for re¬ 
view see 11), Several studies have demonstrated that 
tha hepatotexicity depends on the metabolism of the al¬ 
cohol to acrolein by hepatic cytosolic alcohol dehydro¬ 
genases. il7,jis Allyl alcohol is therefore a source for in 
situ generation of acrolein in [iver or hepatocyies, and 
consequently allyl alcohol administered to rats causes a 
rapid loss of liver GSH by its conversion to the 1:1 
conjugal 13,31,1 This 

spontaneous reaction has a very high reaction rate con¬ 
stant (see Table 3), and glutathione transferases are 
probably of minor importance for catalyzing the conju¬ 
gate formation. In hepatocyies the aldehyde group of 
the conjugate is rapidly oxidized via an NAD ‘'-depen¬ 
dent reaction to CS-CH 2 -CH 2 -COOH . 312 In vivo, this 
product is then further metabolized to mercapturic acid. 
The urine of acrolein-treated mice contained 5-carbox- 
yechyl-tnercapturic acid and A-carboxyethyl-mcrcapruric 
acid methylester . 320 In liver, a part of acrolein is also 
detoxified by aldehyde dehydrogenases forming acrylic 
acid CH, =CH-COOH, which has only a low toxic¬ 
ity , 293 AUylic acid administration to animals does not 
reproduce the hopatatoxic effects of ally! alcohol/ac- 
rolein . 255,321 Consistent with that is the observation, 
that the hepatninxic effect of ally! alcohol is increased 
in rats precreated with aldehyde dehydrogenase inhibi¬ 
tors . 322,323 Inhibition of aldehyde dehydrogenase by 
cyanamide makes a subtoxic dose Of allyl alcohol 
highly toxic . 323 On the other hand, induction of liver 
aldehyde-dehydrogenases by phenobarbiral prevents 
allyl alcohol toxicity, GSH depletion, and lipid per¬ 
oxidation. 

Comporti et al . 11 consider ally] alcohol as a proto¬ 
type of agents lowering liver GSH. If GSH reaches a 
certain threshold level, protein SH groups are also at¬ 
tacked and thereafter an abrupt onset of lipid peroxida¬ 
tion occurs in the liver. 11,32, • ,24 Allyl alcohol-treated 
animals 323 exhale ethane, have significantly increased 
liver TBARS and a loss of polyunsaturated fatty acids 
in the liver lipids. Other effects observed 32,3 are an al¬ 
most complete loss of cytosolic liver alcohol dehydro¬ 
genase, a destruction (about 50%) of cytochrome P,, 0 , 
and accumulation of the lipid peroxidation product 
HNE 35 in the liver. Several findings suggest that be¬ 
sides GSH depiction, lipid peroxidation plays a caus¬ 
ative role in the ally! alcohol/acrolcinmediated liver 
damage and death of hepatocytes (for review see 11 ). 


Firstly, depletion of liver GSH by phorone or diethyl - 
maleate caused only a marginally enhanced lipid per¬ 
oxidation and tto liver damage, indicating that glutathione 
depletion'is'not necessarily lethal. Second, the iron ch¬ 
elator desferrioxamine does not affect loss of GSH, but 
prevents allyl alcohol-induced lipid peroxidation and 
liver damage: this also indicates that mobilized iron 
ions are critSsaJ for the toxicity of allyl alcohol. All this 
suggest that allyl alcohol/acrolein stimulates lipid per¬ 
oxidation in vivo in the liver by destruction of a GSH- 
dependent protective system. Similar effects have been 
reported for HNE which, in isolated microsomes, also 
stimulates lipid peroxidation probably by inactivating a 
membrane-bound enzyme which catalyzes the reduction 
of vitamin E radicals by GSH. 132,156 However, acrolein 
appears to act by a different mechanism since it failed 
to induce lipid peroxidation In mouse liver microsomes. 

Toxic in vivo effects 

Acrolein is toxic and severely irritating to the mu¬ 
cosa. Its vapor causes strong eye and nasal irritation. 
Inhalation of acrolein inhibits mucociliary transport and 
causes dysfunction, hyperplasia, and squamous meta¬ 
plasia in rhe respiratory tract of laboratory animals, 
291,292 £)j rect contact of liquid acrolein with eye or skin 
results in severe burns, Ingestion leads to acute gas¬ 
trointestinal distress with pulmonary congestion and 
edema. Some acute toxicity data, collected in Ullmann's 
Encyclopedia of Industrial Chemistry 325 are: LD^ (rat 
oral) 46 mg/kg, LC^ (mouse, inhalation) 165 mg/m 3 
over 6 h, I.Djq (rabbit, dermal) 562 rng/kg, 

Acrolein can be detected by its odor at levels above 
0.35 ppm: the lowest iucriniatOry level is 0.5 ppm, A 
level of 5.5 ppm results in painful eye and nose irrita¬ 
tion after 20 s, and 22 ppm in air is immediately intol¬ 
erable. 335 In genera], acrolein is unlikely to cause acute 
intoxication in humans because of the highly irritating 
smell and the lacrimatory effect. However, danger arises 
from accidental inhalation of acrolein in concentrations 
exceeding the toxic or lethal threshold. In one fatal ac¬ 
cident, the concentration was 153 ppm and the time of 
exposure 10 min. 325 

Crotcmal is much less toxic than acrolein. 32 * It is 
perceptible at concentrations of 0.2 ppm ( 0.6 mg/m 3 ). 
After exposure to 15 ppm for 30 s, no symptoms of 
eye irritation occur, but 45 ppm cause clear irritation. 
The mucous membranes of the respiratory system are 
irritated at concentrations of 4,1 ppm. Because of its 
warning symptoms no acute intoxication in humans has 
occurred and no case reports have been published. For 
experiments with animals, the following data on acute 
toxicity are given in Ullmann’s Encyclopedia of Indus¬ 
trial Chemistry,: 52 * LD io (rat, oral) 300 mg/kg, LC 50 
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(rat, inhalation, 30 min) 4000 mg/nr'; LD lm (rat. sub¬ 
cutaneous) 180 mg/kg; LD W (rabbit, dermal) 380 mg/ 
kg. Symptoms of acute intoxication in animals are 
dyspnea, excitation, hemorrhagic rhinitis, and con¬ 
gested lungs with hemorrhagic edema. 


ALDEHYDES AND FLUORESCENT LIPID 
PEROXIDATION PRODUCTS 

Lipid peroxidation in biological samples is accom¬ 
panied by the formation of fluorescent proteins and lip¬ 
ids which have emission maxima in the range of 430- 
470 nm (for review see 87, 88, 251). Ft has been 
proposed that these fluorescent substances are formed by 
condensation of MDA with amino groups in phospho¬ 
lipids or proteins to fluorescent SchifFs bases with a 
general l-amino-3-immo-propen structure R-N = CH- 
CH=CH-NH-R'. This assumption was mainly based 
on numerous model studies performed with compounds 
hearing primary amino groups such as aikylamines, M4 - SM 
amino acids, 87,226,23n,2<lfi,M1 amino acid methylesteTS, 228 
phosphattdylethanolaimne, 25 ' polylysine, 2 ' 13 proteins, 239 " 
* 42 and DNA. 2,0,251 The NH 2 group reacts with MDA 
under appropriate (strongly acidic) conditions to 1:2 ad¬ 
ducts with the amino-imino-propen crosslink (Figs. 21, 
26). These products have emission maxima (n the 450- 
470 nm region and excitation maxima in the 360—400 
nm region (for review see 87, 251). The similarity with 
the fluorescence of lipofuscin and ceroid pigments has 
further led to the assumption that these fluorescent prod¬ 
ucts, which can be found in form of granule in many 
tisxues and cells, also result from condensation of MDA 
with molecules bearing NH ? groups, Lipofuscin ex¬ 
tracted from brain or heart shows an emission maximum 
at 470 nin and on excitation maximum at 365 inn,® 7,1 * 
which is indeed very Similar to the fluorescence reported 
for conjugated SchifF.s bases. On the other hand, all in¬ 
vestigators who have studied fluorescence of in vitro 
peroxidized microsomes, mitochondria, lipoproteins, and 
various tissues, reported that the exettarion maximum of 
the fluorescent compounds formed (lipids, proteins) was 
at 360 nm and die emission maximum was at about 430 
nm, which is significantly different from the fluorescent 
maxima of conjugated SchifFs bases and rather suggests 
that the fluorescence is due to chromophors of another 
structure.* 7 The reaction of peroxidized arachidonic acid 
or docosahexaiinnic acid with phosphatidyl ethanol - 
amine gave a fluorophor with E X /E M at 360/430-440 
tun. Whereas MDA with the same phospholipid gave a 
fluorescence at 400/475 run. 727 Treatment of erythrocyte 
membranes with lipid hydroperoxides 32 * or xanthine/ 
xanthine oxidase 329 also led to fluorescent products 
(E«/E M 375/438 nm and 390/450 nm, respectively) which 


had spectral properties dearly differentfrtim those pro¬ 
duced by MDA-treatment (E X /E M - 398/467 nm). In 
vitro peroxidation (aseorbate/iron) of rat liver liposomes 
supplemented with glycine produced a fluorescence (E X /E M 
360/430 nm) different from the conjugated glycine MDA 
SchifF s base (Ex/E M 360/458 Jim) 1 It was assumed 
that not MDA but relatively high molecular weight al¬ 
dehydes contribute to the formation of 430 nm fluores¬ 
cent substances, In oxidized low density lipoprotein the 
apolipoproteirt B shows a strong fluorescence at E X /E M 
360/430 nm, but again it is unlikely that it is due to 
MDA since fluorescence of MDA-treated LDL is at 
E x /E m of 390/460 nm. 331 ' 333 

In numerous studies Kikugawo's group 87,234 237, 
243,240,3-8 ] las , s howt) that MDA tan form under physi¬ 
ological conditions with primary amines fluorescent di¬ 
hydro-pyridine derivatives, and that monofunctional 
aldehydes, which are also formed during lipid peroxi¬ 
dation, can participate in and stimulate the formation 
of this fluorescent substance (Fig. 24-26), Reaction of 
methyiamine (10 mM) with MDA (20 mM) at pH 7,0 
(37 °C. 24 h) gave the nonfluoicscent 1:1 adduct 
CHjNH-CH = CH-CHO (40, Fig. 24) and the fluores¬ 
cent 1,4-dimethyl-1,4-dihydro-pyridine-3,5-di-carbalde- 
hyde 38 No 1:2 adduct with the conjugated SchifFs 
base structure was formed. In 0.1 M phosphate buffer 
pH 7 the compound 38 has an EyJE^ of 403/462 nni, 
while in chioroform the peak maxima for excitation and 
emission are at 390/446 nm. The formation of 38 was 
assumed to proceed according to the mechanism of the 
ffantzsch dihydro-pyridine synthesis and requires a 1-car¬ 
bon unit to be eliminated. Fluorescent products analo¬ 
gous to 38 (Fig. 24) were also formed in reactions of 
MDA at pH 7 with 1-hcxylamine, glycine, glycine- 
cihylestCr, ethanolamine, and 3-amino-propanol. Based 
on rhe fluorescence of MDA-treated polyiysinc (398/ 
470 tun), hemoglobin A (390/460 nm) or erythrocyte 
ghosts, it was assumed that the main fluorophor is 
again a dihydro-pyridine formed by reaction with e-amino 
groups of lysine residues. 

Of particular interest is the observation that the for¬ 
mation of dihydro-pyndine derivatives occurs more read¬ 
ily in che presence of monofunctional aldehydes (ace¬ 
taldehyde, propanol, butanal, hexanaJ, hcptanal, benza- 
Idehyde). The optimal ratio of primary amine, MDA, 
and aldehyde is 1:2:1-2, at which the dihydro-pyridine 
is produced almost quantitatively. Since alkanals are 
formed together with MDA during lipid peroxidation it 

is reasonable that similar reactions can occur during In 
vivo and in vitro lipid peroxidation. 

It has also been demonstrated that compounds whh 
a fluorescence maximum around 430 nm are formed in 
reactions of aldehydes other (ban MDA. HIVE, for ex¬ 
ample, reacts with phosphatidylethanolamine and phos- 
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phaiiuyisexine rout not with choline) to a fluorophor 
with maximum excitation and emission at 360/430 
nm. 13,1 A lipid fluorophor with exactly the same spec* 
tral characteristics is formed on treatment of microsomes 
or mitochondria wjdi HNE. 134 Moreover, low density 
lipoprotein treated with HNE in vitro develops a strong 
protein fluorescence with an excitation and emission 
maximum at 360/430 nm, which again agrees exactly 
with the fluorophor found in oxidized LDL. 331,334 
Beppu et demonstrated that hexanal, 2'heptenal, 

2,4-decadienal, and 2,4,7-decatrienal modify proteins 
and lipids of human erythrocyte ghosts to fluorescent 
products with spectral properties identical to those of 
ghosts treated with Linoleic acid hydroperoxide, but 
different from MPA-treated ghosts. It was also shown 
by SDS that the proteins wetc cross-linked, which 
proves that monoftmctional aldehydes have the capac¬ 
ity for cross-linking. 

Fluorescent compounds were also reported to be 
formed on incubation of DNA with MDA, 333 Reevalu- 
ation of these experiments* 50 with pure MDA prepara¬ 
tions, however, gave products with low fluroescence. 
Incubation of DNA with mono-hydroperoxides, hy- 
droperoxy-epidioxides, hydroperoxy-bis-epidioxides, 
hydroperoxy-bis-cyclocrtdoperoxides, and dihydroper¬ 
oxides of linuienaie in the presence of FeCl, and a re¬ 
ducing agent gave products with fluorescence spectra 
different from those obtained by reaction of DNA with 
MDA. 334-337 No correlation was found between fluo¬ 
rescence intensity and MDa formation. The fluores¬ 
cence intensity of MDA-treated DNA or RNA was 
weaker. Also in the absence of FeCi 3 and ascorbate no 
fluorescent products were formed. A conjugated diene- 
syslem in the monohydroperoxide gives higher fluores¬ 
cent yields than unconjugated hydroperoxides. Linole- 
natehydroperoxy-cpidioxides, Jjnolenate-dihydropcrox- 
ide.s and linoleum dihydroperoxides were the most ac¬ 
tive compounds. Also, the nature of the reducing agent 
influences the fluorescent yield. Higher yields were 
obtained with ascorbic acid than with cysteine indicat¬ 
ing a participation of ascorbic acid in the reaction 
leading to the fluorescent pigment. Radical scavengers 
such as ot-roeophcrol or butyl ated hydro* yarn sole de¬ 
pressed fluorophore format)on. Based on these findings 
the authors concluded that some more reactive com¬ 
pounds than MDA are involved Deeadienal or 2-octe- 
nal were suggested to be involved in formation of 
fluorescent DNA pigments. 2,4-Alkadienes and 2,4,7- 
dccatricnal were found to react with DNA to fluores¬ 
cent products. Reaction of these secondary LPO products 
may occur after adenine moieties in DNA become ac¬ 
cessible by strand-breaking by radicals derived from Ii- 
noeate-hydroperoxides. 


LMMIAOLOCICAL PROPERTIES OP AI.DEHVDk 
MODIFIED proteins 


Injection of MDA-treared egg-white lysozyme intra- 
deimically into rabbits gave rise to the formation of 
antibodies. 338-341 The antibody response against 
MDA-modified lysozyme was different from that de¬ 
veloped against native lysozyme, and it was assumed 
that the antibodies specifically recognized MDA-oross- 
linked iysine residues with the arniuo-imino-propen 
structure. 

The recently developed hypothesis that oxidation of 
LDL and modification of the apoiipoproteln B by tilde- 
hydic fatty acid degradation products plays a crucial 
role in foam cell formation and in the pathogenesis of 
atherosclerosis (foT review see 32. 381) has prompted 
some remarkable studies related to antibodies against 
aldehyde-modified apolipoproiein B. the protein part of 
the low density lipoprotein. Haberland et al. ss were the 
first to develop a monoclonal antibody against MDA- 
modified apolipoproiein B. It was again assumed by 
these authors, although without direct evidence, that 
the anubody is specific for MDA-modified lysine resi¬ 
dues of the apoB. By immunocyiochemical methods it 
was demonstrated that proteins with MDA-modified 
lysine residues are present in atherosclerotic lesions of 
rabbit aortas. These investigations were later confirmed 
and extended by J, Witztuin’s group’’which de¬ 
veloped antisera and several types of monoclonal anti¬ 
bodies against LDL modified in vitro by treatment with 
MDA or HNE. These antibodies appear to be specific 
for MDA-lysine or HNE-Iysine conjugates in proteins, 
and it was shown that such conjugates occur in oxida¬ 
tively modified LDL and in atherosclerotic lesions. Ft 
has also been reported that human and rabbit sera con¬ 
tain auto-antibodies against MDa- or HNE-modified 
proteins (for review sec 32). Furthermore, it has been 
shown in ceil culture experiments that MDA-modified 
LDL IS recognized and taken up in an unregulated 
manner by the scavenger receptor present on the cell 
membrane of monocyte-macrophages. The apoB of the 
internalized LDL is then degraded to amino acids, 
whereas the lipid portion (mainly cholesterol and cho- 
lesterol-estors) is stored intracellular!y in the form of 
lipid droplets. On prolonged exposure to MDA-modi¬ 
fied LDL the macrophages develop into cells with the 
typical appearance of foam cells (for review see 32). 
The macrophage scavenger receptor has a rather broad 
specificity and recognizes many other types of chemi¬ 
cally-modified LDL and other proteins. The scavenger 
receptor complex is probably a family of several recep¬ 
tors differing in affinity to modified proteins. Bovine 
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scrum albumin (BSaj modified bv fomialiiebycie or 
MDA (25 mM) as well as by other aliphatic aldehydes 
is also taken up and endocytosed by moose peritoneal 
macrophages and nonparenchymal liver cells via a scav¬ 
enger receptor mechanism.'" M The receptor recogniz¬ 
ing formaldehyde treated albumin also binds albu¬ 
min modified by glycolaldehyde, glyeeraldehyde, or 
propionaldehyde, yet not albumin treated with aromatic 
aldehydes. I t was suggested by Horiuclii cl al. 3 ® 3, 1SJ 
that this receptor plays a physiological role for the 
binding and elimination of aldehyde-modified proteins. 
Competition studies suggest the presence of one recep- 
tor recognizing both MDA-BSA and formaldehyde- 
modified BSA, and another having an affinity towards 
MDA-BSa, but not towards formaldehyde-modified 
BSA. 3 “ 2 MDA-BSa modified with only 10 mM MDA 
did not affect the binding of highly modified (25 mM) 
MT>A-BSA. 2/w Some evidence exists that in MDA- 
modifted BSA the amino-propenal configuration is rec¬ 
ognized by the receptor, whereby the double bond is 
not essential since treatment of MDA-BSA with cyano- 
borohydride did not affect its ligand activity. Addi¬ 
tional cross-linking with glycine, however, markedly 
diminished the ligand activity of MDA-BSA. Erythro¬ 
cytes treated with 1 mM MDA are readily phagocy- 
msed by human macrophages. 343 This effect is high¬ 
ly specific for modifications produced by MDA since 
equimolar amounts of other aldehydes (formalde¬ 
hyde, acetaldehyde, butyraldehyde, valcrfddehyde, glu- 
taraldehyde, acrolein, crotonaldehyde) were without any 
effect. 

With antibodies specific for MDA- or HNE-lysinc 
protein adduces it was also shown by immunocytochemica] 
methods that such aldehyde-modified proteins occur in 
cultured human fibroblasts after exposure to ascorbic 
acid. 3 “ 2 This kind of treatment induced lipid peroxida¬ 
tion and stimulated collagen expression. Immunologi¬ 
cal studies with aldehyde-modified proteins suggest that 
the aucoantibodies directed against them and the mac¬ 
rophage scavenger receptor are part of the self-defense 
system removing proteins damaged by aldehydes gen¬ 
erated during in vivo lipid peroxiation. 

GENOTOXJCITY AND MUTAGENICITY 

Many genotoxic substances, including carcinogens, 
are metabolically activated through Free radical reac¬ 
tions and. can induce lipid peroxidation (for review see 
344—348). The possibility therefore exists that endoge¬ 
nously formed aldehydic lipid peroxidation products 
such as MDA, HNE, or others react wich DNA bases 
and induce mutations. Furthermore, lipid peroxidation 
and products formed in this process could inhibit cer¬ 


tain DNA repair systems 97 "’'® ■ ,|n urd thus indirectly 
increase the rate of spontaneous mutation. The pros and 
contras for the hypothesis of "membrane mediated 
damage to DNA” as well as the possible involvement 
•of aldehydes were reviewed in several articles re- 
cesily. '* Moreover a comprehensive discus¬ 

sion She current knowledge of genotoxic effects of 
HNE will soon appear. 3451 We therefore confine, our¬ 
selves here to a survey in tabular form (Table 8). 

As discussed in the previous chapters, MDA, HNE 
and other o.p-unsaturated aldehydes such as acrolein 
or crotonaldehyde do react in vitro with nucleosides 
(Fig. 8, 27, 28, 29. 32). The most reactive base ap¬ 
pears to be guanine, which gives with MDA the 1:1 
adduct 45 and the 1:2 adduct 46 (Fig. 27), while ac¬ 
rolein and crotonaldehyde give the 1:1 adducts 56, 57, 
58 (Fig. 32). HNE can give two different 1:1 adducts 
26, 27 (Fig. 8) depending on the reaction conditions. 
MDA also reacts with deoxyUdenosine (Fig, 28) and 
deoxycytidinc. Some recent studies suggest that the 
oligomeric MDA adducts always result from addition 
of di- or dimeric MDA molecules present in concen¬ 
trated MDa solutions (Fig. 14). It is unlikely that di- 
or Irimeric MDA occurs in vivo, 379 and such oligo¬ 
meric DNA adducts can probably not be formed. In 
isolated DNA treated with MDA, acrolein or crotonal¬ 
dehyde. the expected 1:1 adduct with the guanine base 
(formula 45 in Fig. 27 and 57 and 58 in Fig. 32) were 
found. No clear evidence exists that MDa can cross¬ 
link DNA as proposed in Fig. 30. The reaction of HNE 
with isolated DNA has so far not been investigated in 
detail and it is also not known if HNE-DNA adducts 
can be formed in vivo. On the other hand, the in vivo 
detection of crotonaldehyde and acrolein modified DNA 
was recently reported by Chung's group. 39S ~ 39S At first, 
an immunoassay based an manaclon&l antibodies rec¬ 
ognizing the crotpnaldehyde-deoxyguanosine adduct 58 
was developed- 395 This antibody cross-reacts with the 
acroiein-deoxyguanosine adduct 57. Application of this 
assay to Salmonella fyphtmurium treated with acrolein 
showed that at the highest acrolein concentration tested 
(13 mM) about 1 amongst 200.000 deoxyguanosine 
residues (5 pmol adductfmol deoxyguanosine) was con¬ 
verted to the exocyclic l.tW'-propanodeoxyguaiuisinc 
with the structure 57. In the tester sixain 5. typhimu- 
rium T100 a correlation existed between number of ac- 
rolein-deoxyguanosilte adducts and frequency of acrolein- 
induced mutations. More sensitive and likely more 
specific for acrolein modified DNA bases is the re¬ 
cently developed 32 P-postlabeling method, 396 In case of 
mice treated topically with croronaldehyde (5 times 
over 3 weeks, total dose 1.4 mmol) the ,2 P-postlabel- 
ing method revealed that the skin DNA of the croton- 
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ft, Gcnotocic Ofucti of MDA, iiydrexyaiken,ii>, ACrolcin. C rutonjI and Ovidirn. Lipids. 


Authors 


Observed Eifecis 


Mamed ct al., 1986 (247) 
Winter dial., 1986(81) 

Base et al., 1988 (248; 

Sodum et al, 1988 (61,82) 

SloDe et al.. 1990 (400) 

B. Effect! on prokaryotes 

Muksi el u)., 1976 (360) 
Shambergcr et al. . 19)9 (361) 
Yonei et al.. 1981 (362) 

Lutz et al.. 1982(363) 
Basuetal,, 1983 (168) 
Akasoka ei aj„ 1985 (365) 

Mamett et al.. 1985 (130) 

HLhudcley et al.. 1987 (364) 
Fm'les et al.. 1989 (395) 

C. Effects on eukaryotes 

Yuu el al., J979 (367) 

Au et al , 1980 (366) 

Bind ct al.. 1980 (368) 
BrambiUaet s|„ 1986(99) 

CajtUicial,, 1987(115) 
Orafslrbm ei al., 198s (30 3) 
Curren ct al., 19SS (306) 

Eckl et a|,, J989 (108) 

fislerbauerct a(.. 1989(1)0) 

D In vivo effects 

Shambcrger ct aj., 1974 (370) 
Perron ct al.. 1977 (369) 
Tinsley dal., 1961 (371) 

Fisher ct al.. 1983 (372) 

Siu et al.. 1983 (373) 

Bull ct al., !984 (374) 

Chung ct al., 1966 (375) 

Ujiasky, 1987/1968 (376,377) 
Spalding, 1989 (378) 

Chung Ct al., 1989 (396) 


A- Cell ffec systems, isolated DNA. nucleosides 
Fisher et al., 1954 (350) 

Brooks cf al., 1968 (333) 

Reis? at al.. 1972 (357) 
fieisacl aJ.. 1973 (358) 

Borg et al., 1983 (351) 

Merits er a)., 1983 (354) 

Setn et al., 1983 (245) 

Churn; et aj., 1983/1984 (303,304) 

Basu et a!. 1984 (359) 
rnouye. 1984 (353) 

Naksyoma et al., 1984 (352) 

Nuir et al,. 1984/1986 (246,249) 

Ueda dal., 1985 (355) 

Akasalu ct al., 1986 (356) 


os 18:3 but not ox 18:2 decrease viscosity of DNA 

J3NA incubated With 3115A has altered physico-chemical properties and adenine and guanine 
cross-links 

DNA incubated with MDA shows fluorescence at 460 nm 
DNA incubated with ox 20:4 shows fluorescence at 420 tan 
DNA incubated with g« 18:3 gives an ESR signal 

linoleic acid hydroperoxide produces DSB in tile phage FhX 174, DSB enhanced by Fe, Cu 
MDA produces fluorescent DNA with pyrifludo/purincme nucleosides 
crotonaldebydc, acrolein form with guanosinc cyclic adducts 
MDA produces cross-links in complementary DNA 
linoleio acid hydroperoxide produces DSB in rhe plasmid pBR 322 
DNA incubated with ox 18:3 gives an ESR signal at guanine bases 
MDA produces a 1:1 and 1:3 adduct with adenosine and a 1:3 adduct with cyddjne 
the DSB produced in plasmid pBR 322 by ox 18:2 correlate with peroxide value 
oX liposomes inactivate the transforming activity of rhe plasmid pBR 322 the inactivating 
factor is exlnsctlbk: with chloroform 
MDA forms with guanosinc a cyclic adduct 
HNE and HHE form with guanosiuc cyclic adducts 
MDA, crpionnldetiydc, acrolein form with guanosine cyclic adducts 
HNE forma in the presence of peroxides with guanosinc a 1:1 adduct of Che cthetwdeoxy- 
guacosine structure 

adducts fbrened by reaction of MDA with adenosine 

MDA is mutagenic in S. typhimurlum 

MDA increases mutation frequency in S. typhymurtum 

MDA induces mutation in 2f. colt 

acrolein and cpotonal are mutagenic ill S. typhlmtt'iUm with 90 min preincubation 
enzymatically prepared MDA is u weak mutagen in S. typhimurium 

E, coli treated with pcroxidizcd rat liver microsomes show increased mutation frequency, the 
increase correlated with MDA 

formaldehyde, 2-aJfccnais, 2,4.aIkadieoabi, 4-hydroxyalkena|s, dicarbonyls are mutagenic in S. 
t)‘phmttiiUm 

acrolein is mutagenic in S. cyphitnurium 

propanodeoxyguanosine is present in DNA of S. typ/tirmtnum^natod mice with acrolein 
MDA increases mutation in lymphoma cells 

acrolein is cytotoxic and genotoxjc Id Chinese hamster ovary cells 
MDA (0.1 mM for 96 h) produces various DNA damages in fibroblasts 
HNE and other bydraxyaikcnals produce fragmentation and SCE in Chinese hamster ovary 
cells 

HNE is a tnurugci) in V7P Chinese hamster Jung cells 
acrojein induces genotexrc effects in hmr.chiul epithelial cells 

acrolein is mutagenic (0.2-47.8 p.M) in human Xeroderma pigmentosum fibroblasts, nut not in 
normal fibroblasts 

HNE induces genotoxic effects in bcpaiucytes at subeytotoxfc concentrations 
HNE induces in cultured hepatocytes DNA damages at concentrations being expected to occur 
in v rvci (0.1-1 pM) 

Z^stage application of MDA and croton oil increases tumor frequency in Swiss mjco 
acrolein (4 ppm for I year) not carcinogenic in Syrian hamsicr 
a diet Wiih oxidized polyunsaturated fatty acid increases mammary tumors in mice 
MDA and croton oil do rot increase tumor frequency in Chinese hamster V 79 
MDA fed 90 days to mice increases tumor frequency 

hydroperoxides of linoieie acid and arachidonic acid stimulate ill rats colon ornithine 
decarboxylase 

crotoital (0.6 or 6.0 mM In drinking water. 113 weeks) increases frequency of Jiver tumors in 
rat* 

acrolein, ora) to rats is of low carcinogenicity 
MDA (sodium salt) is carcinogenic In in - or and rats 

cyclic l.twApropanodenxyguanosine adducts in DNA of mice treated with crotunaldehydc 
and nits treated with tV-nitroinpyrroddine 


V 


HNE - 4-hydroxynrmemd, HHE =.4-hydroxyhexenaI, Ifi:J = linoleic acid, 
breaks. SCE - sister chromatid exchange. 


18:3 = llnoienic acid, ox — oxidized, DSB — double strand 
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aldehyde-treated animals contained aoout 0.24 (iniol 
croionaldehydc-deoxyguanosine adduct 58 per mol 
deoxyguanosirte, that is, one out of 4 million guanine 
bases was modified by croton aldehyde. The 3 *P-postla- 
bcling method also allowed to assess the possible for¬ 
mation of Motonaldehyde-deoxygLianosine adducts in 
rats treated with jV-nitrosopv rrol i dine. 396 ' 197 This hepa- 
tocarcinogenic nitrosamine is metabolized in the liver 
in part to crotonaidehyde. Rats, which received jV-ni- 
crosopyrTolidme in the drinking water (total dose 1.0 
mmol) contained in the liver DNA the croton aldehyde 
modified deoxyguanosine (formula 58, Fig. 32), al¬ 
though the concentration was rather low, that is, 0,056 
(imol/mol deoxyguanosine, which corresponds to 1 res¬ 
idue amongst 16 million. Nevertheless these are the 
first reports showing the in vivo formation of adducts 
between a ,(3 unsarumted aldehydes and DNA. An at¬ 
tempt was also made, to demonstrate the in vivo for¬ 
mation of 4-hydroxyalkenal DNA adducts, for that 
tritium labeled 4-hydroxyhexenal was injected into the 
hepalic portal vein of rats. 147 No detectable radioactiv¬ 
ity was associated with the liver DNa. Based on the 
specific radioactivity in can ba calculated that the num¬ 
ber of modified bases, if they existed at all, must have 
been less than l'.SOQOO. The in vitro reaction of DNA 
bases or DNA itself with aldehydes requires rather high 
concentrations (mM and more) and long reaction times, 
which indicates that in vivo modification of DNA by 

MDA, 4-hydroxyalkenals, or other a ,P unsaturated al¬ 
dehydes wifi be a rare event. In agreement with that 
are the findings by Chung et al. < '" 197 according to 
which the levels of such adducts found in vivo are very 
low. Nevertheless sufficient evidence exists that alde¬ 
hydes can produce a number of genotoxic effects in¬ 
cluding mutations and induction of tumors (Table 8). 

MDA Is mutagenic to bacterial and mammalian cells, 
and carcinogenic in rodents. Acrolein and, to a lesser 
extent, croton aldehyde are mutagenic in bacteria. Ac¬ 
rolein can also, as recently shown, induce mutations in 
mammalian cells. 4-hydroxyalkenals, too, are mutage- 
nous in the Salmonella typhimurium assay, and muta¬ 
genicity was also shown in V79 Chinese hamster lung 
cells. Furthermore it was shown that HNE and other 
4-hydroxyalkenals induce genotoxic effects in various 
mammalian cells. A particularly sensitive test system 
for genotoxidty of aldehydes are primary cultures of 
nit hepatocyces. With this type of cells it was shown 108 ' 
110 that concentrations of 10, I, Or (1.1 p,M HNE are 
genotoxic and lead to a significant increase of micron¬ 
uclei, sister chromatid exchange and chromosomal ab¬ 
errations. Mote or less the same activity was shown by 
2-nonenal, whereras the saturated aldehyde nonanal 
was not genotoxic up to 100 |iM, the maximal dose 
tested. Taking into account that the endogenous con- 


ccntramiit mvn ,u i..,. is in . „■ ..bout 

0.1 -0.5 pM (Table 2), one might assume that HNE or 
similar aldehydes generated by basal lipid peroxidation 
are a constant source of DNA damage. If that is so, it 
will be critical to know if such ;a ^damage is irrevers¬ 
ible, mutagenic, or even carcinogenic. 

CONCXUSIOH 

Food chemists have long known that autoxidation of 
fats and oils, in particular those rich in PUFAS is ac¬ 
companied by the formation of aldehydes. 4-6 It is there¬ 
fore not surprising that aldehydes are also formed, when 
biological membranes containing polyunsaturated lipids 
undergo lipid peroxidation. 2-4 The spectrum of alde¬ 
hydes which can be formed in true biological samples 
however is much more complex than in simple fats and 
oils and the concentration of aldehydes is usually very 
low. That and other factors (e.g., complexity of biolog¬ 
ical sample, difficulties to discriminate between free and 
bound aldehydes) makes the analysis of aldehydes in 
tissues, cells and subcellular fractions rather difficult. 
This explains that successful analysis based on HPLC or 
GC-MS were only developed in the last decade (Table 
1, 2). Although considerable progress has been made by 
several laboratories one must admit that these analyses 
are far beyond routine assays as they for example exist 
for eicosanoid analysis. Moreover, it seems also impor¬ 
tant to remember, that [3-scission of a hydroperoxy fatty 

acid — which U likely The major reaction by Which al¬ 
dehydes are formed during lipid peroxidation — results 
in two different classes of aldehydes. One, which are 
fragments derived from the methyl-terminus of the fatly 
acid chain and another one where the aldehyde function 
remains at the parent lipid molecule. 4 ' 7 All analysis has 
so far been confined to the former class, which includes 
n-alkantils. 2-alkenals, 2,4-alKadienaJs. 4-hydroxyalke- 
nals anti malonaldehyde. The partem of these aldehydes 
solely depends on the PUFAS yet not on the 
nature of the parent lipid molecule in which they are 
bound. Thus al) lipids containing omega-6 PUFAS 
(18:2, 20:4) will give rise to 4-hydroxynonenal and hex- 
anal, whereas omega-3 PUFAS wj|) form 4-hydroxyhex- 
enal and propanal. Similarly malonaldehyde will be formed 
from lipids containing PUFAS with 3 or more methyl¬ 
ene interrupted double bonds (mainly 20:4 and 22:6). 
The lipid-aldehydes, that is, the counterparts of the me¬ 
dium and short chain aldehyde fragments, should also 
exist in peroxidixed biological samples, however no 
methods are presently available which would allow to 
separate and identify them. We have repeatedly empha¬ 
sized' 1 ' 4 ’ 7 ' 9 that this would be important since some of 
these lipid-aldehydes might have comparable if not higher 
biological activities than the medium and short chain 
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Research in rhe recent years has mainly focused on 
some typicaJ representative aldehydes such as 4-hy- 
droxynonenal, 4-hydroxyhtxenal, and MDA. One rea¬ 
son for that, among others, is that these aldehydes can 
be prepared by chemical synthesis in quantities suffi¬ 
cient for biological testing, Other aldehydic lipid per¬ 
oxidation products which might have interesting biological 
properties, as, for example, 4,5-dihydroxydecenal or 
4-hydroperoxynonenal were hardly studied since their 
preparation even in small quantities is difficult. 

That free HNE occurs in various peroxidized bio¬ 
logical samples has been demonstrated independently 
by many groups with different methods (Tables 1,2) 
and it can therefore be taken as granted. Some uncer¬ 
tainty still exists on the basal, physiological level of 
HNE as for example in rat Uver or human plasma. A 
steady-stare concentration of 2.8 nmol HNE/g liver as 
reported by one group (Table 2) appears much too high 
in view of the high HNE-metaboiizing capacity of the 
liver. We Would assume that the HNE concentration in 
liver and also in normal human plasma is rather close 
to the detection limit (0.1 ro 0.3 nmol/g (issue Dr 
plasma) of the presently available methods. More work 
should be done to improve this analysis and to ascer¬ 
tain the physiological value of HNE and possible cor¬ 
relations between increased values and diseases. 

The hypothesis, that HNE and other reactive alde¬ 
hydes produced endogenously during lipid peroxidation 
act as "second toxic messengers" for free radical 
events is based on the assumption that aldehydes inter¬ 
act with essential cell components (e.g.. membrane 
proteins) and thereby cause disturbance of cell func¬ 
tions (Fig. I). In fact, HNE administered to animals, 
tissues, or cells produces a great diversity of deleteri¬ 
ous effects (Tables 4, 5). But this by its own does of 
course not prove that HNE produced intracalluiarly 
does the same. Until recently a major argument against 
a pathological role of HNE (the same is true for MDa) 
in lipid peroxidation was that the in vivo concentrations 
can not reach levels sufficient to effect enzyme activi¬ 
ties and modify proteins and/or DNA. A number of 
newer findings however, indicate that even very low 
HNE concentrations (0.1—I p.Mj, which can likely be 
reached in vivo in certain tissues exposed to oxidative 
stress (Table 2), can produce some remarkable effects: 
Stimulation of phospholipase C and adenylate cyclase, 
recruitment of neutrophils, reduction of c-myc expres¬ 
sion, induction of genoioxic effects (see Table 4). That 
such HNE-medlated effects may have a pathological 
and possibly also a physiological significance in vivo 
Is therefore rather likely, yet a definite proof would re¬ 
quire many more investigations (for review see also 
ref. 399), The same that has been said about HNE 
holds also for MDA or other aldehydic lipid peroxida¬ 
tion products. Here too, it is presently not possible ro 


make conclusions which one of the many in vitro ef¬ 
fects haw an importance in vivo, 

A significant development which could in the future 
help to bridge this gap, is rhe application of antisera 
and monoclonal antibodies against HNE and MDA 
modified proteins. jz.jh.iu-us using such antibodies jt 
was recently shown with immunostaining that HNE- 
and MDA-conjugated proteins are present in atheroscle¬ 
rotic lesions of rabbits and that autoantibodies against 
such aldehyde-modified proteins occur in human plasma. 
This is the first clear evidence that proteins modified 
by aldehydic lipid peroxidation products do in fact oc¬ 
cur in vivo and probably play a rale in the pathogene¬ 
sis of a human disease (i.e., atherosclerosis). Antibodies 
were also successfully used for immunocyrochemjcal 
demonstration of HNE and MDA-modtried proteins in 
fibroblasts in which lipid peroxidation was initiated by 
ascorbate/iron . iB2 These highly sensitive and specific 
immunological techniques are veiy promising tools which 
will allow researchers in the future to study lipid per¬ 
oxidation and the role of aldehydes at the cellular level. 
Moreover it should not be too difficult to develop ELl- 
SAs for routine quantification of HNE- and MDa- 
modified proteins in cells, tissue and human plasma. 
In parallel, the chemical structure of the epitopes on 
the aldehyde modified proteins recognized by the anti¬ 
bodies should be characterized. We do hope, lhar this 
review stimulates interdisciplinary work and contributes 
to the scientific progress in the field of lipid peroxi¬ 
dation, aldehydes, and free radical? in biology and 
medicine. 
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